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The Manufacture of Small Ice 


By CROSBY FIELD,? BROOKLYN, N. Y. 


Small ice may be defined as water frozen in the form 
of ribbons, strips, fragments, cubes, or relatively small 
pieces, whether regular or irregular in shape, or pieces 
compounded thereof, or compounded of crushed ice. 
With the exception of ice cubes frozen in the domestic 
electric or gas refrigerator, it is only at the beginning 
of its third decade of successful cialization. The 
daily production of small ice is now a substantial tonnage, 
a growth from less than 10 tons per day at the time of the 
visit of the Metropolitan New York Section of the Ameri- 
can Society of Refrigerating Engineers to the author’s 
first commercial] plant in 1928 (1). Although the reasons 
for this growth will be mentioned briefly, this paper will 
be limited to an abbreviated description of the numerous 
developments of processes and machinery for freezing 
smal] ice, including those in commercial operation today. 
No mention will be made of the equally numerous methods 
of freezing large cakes of ice and then crushing, sawing, 
or grid or wire-melting them into small ice, the product 
of which has not been included in the production stated. 


History oF DEVELOPMENT 


OR all its commercial youth, small ice has a most extensive 
Fits. as a brief glance at the References will show. 
Astonishing as it may now seem, the first ice to be made 
and sold was small ice. This took place long before the com- 
mercial use of compression or absorption of volatile gases to 
produce subfreezing temperatures. Siemens (2)* obtained a 30 
F temperature drop by the controlled dissolving of calcium 
chloride in water and used it to freeze ice, but it remained for 
Tosselli to get a 40 F drop by using ammonium nitrate and 
water. His machine comprised an “ice can containing several 
slightly tapering molds of circular cross section of various sizes. 
The molds being filled with water are introduced into the freezing 
mixture; and in a few minutes ice is formed around the edges to 
the thickness of nearly '/,in. The rings or tubes of ice are then 
removed and placed one within the other forming a small stick 
of ice.’"* In this type of process the salt was recovered by 
evaporating the solution to dryness and re-using it. 
Siemens and Tosselli were not the first, as we are informed that 
in the period 1630-1660 frozen lemonade was peddled in the 
streets of Paris (4). Of course, Lord Bacon, who died in 1626, 


1 The author is aware of the human tendency to be overcritical 
of the work of others in one’s own field. Therefore, throughout this 
paper all statements regarding the work of others have been taken 
directly from the sources indicated. The author has intentionally 
withheld any opinions and criticisms of these statements except where 
there is conflict between the statements and the author's work and 
experience—and even then such comments and criticisms are ex- 
pressed only where omission would be misleading. 

2 President, Flakice Corporation. Fellow ASME. 

3 Numbers in parentheses refe to the Bibliography at the end of the 


paper. 
* Reference (2), p 
Ibid., p. 203; reference (3). 
* Lbid., p. 203. 
Contributed by the Process Industries Division and presented 


at the Annual Meeting, New York, N. Y., November 26—December 
1, 1950, of Taz American Society ov MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
Oct. 31, 1949. Paper No. 50—A-5. 


used snow or ice with saltpeter to produce subfreezing tempera- 
tures. Snow and ice became quite a trade in France in the 
reign of Henri III,and Greece, Rome, and India all enjoyed snow- 
cooled wine in the times of the ancients.’ As, however, we have 
no record of the ice having been man-made, no further discussion 
of this phase is included, 

With improved methods of producing refrigeration for ice 
making, a short recrudescence occurred in 1907 in the form of 
a conical drinking cup made wholly of ice, called an “ice goblet,” 
invented by H. D. P. Huizer of the Netherlands (5). 

U. S. Patent 1941 issued January 23, 1841, to T. B. Smith of 
St. Louis, Mo., proposed a method of freezing by exposure to the 
atmosphere when the circumambient air was below freezing, of 
water in laminae or increments, of '/, to '/, in. in thickness and 
which might have been used to obtain small ice. 

In 1755 Dr. William Cullen* introduced the “vacuum process” 
of refrigeration, using water as the refrigerant, and in 1810 
‘Leslie greatly improved it by combining the vacuum pump with 
the use of sulphuric acid to absorb the water vapor. He pro- 
duced from 1 to 1'/, lb of ice at a single operation. This opera- 
tion was improved by others, such as Vallence, and years later 
(1850) Edmund Carré invented a machine for the manufacture 
of small quantities of ice for domestic purposes.* 

About this time there entered the competition of a new refriger- 
ating cycle, Dr. John Gorrie’s cold-air or dense-air machine 
(U. 8. Patent 8080, May 6, 1851). In England this type 
was improved, and T. B. Lightfoot'® invented improvements 
and introduced it into extensive general use, beginning about 
1882. 


Biock or Ice 


Although this paper deals with small ice, major developments 
in the field of primary refrigeration to produce ice, block or small, 
may not be entirely ignored, but references will be as condensed 
as possible. 

In 1834 the first experimental machine using the compression 
process—today so universal—was built by John Hague from 
designs by Jacob Perkins. Volatile liquids to be used were 
methylene ether, sulphur dioxide, volatile derivatives of coal 
tar." Note a little later the statement could be made, “an- 
hydrous ammonia, which may now be obtained as an article of 
commerce, used for refrigeration in Germany and the United 
States.’""? Perkins used mechanical paddles to produce clear ice 
by means of agitation. Because of historic interest, plates 53 
and 54 of Lightfoot’s paper are reproduced here as Figs. 1 and 2. 
Note also Perkins (English Patent No. 6662, August, 1834) and 
our own Prof. A. C. Twinning of New Haven, Conn. (U.S. Patent 
10,221, November, 1853) (7). 

In the 1860’s P. E. Carré of France invented a compression 
system using “ether, sulphuret of ¢ carbon, etc.,”” and an ammonia 
absorption system," obtaining U. 8. Patent 30,201, issued October 
2, 1860. In 1868 the Louisiana Iee Company started operation 
of an ice plant, using his absorption system, and produced 25-lb 
blocks of ice." Beginning in 1867, Rees Reece, Stanley, Ponti- 

? Reference (4), p. 447. 

* Reference (2), p. 206; reference (6), p. 329. 

* Reference (6), p. 

1° Reference (2), pp. 223- 238. 

1 Thid., p. 210. 

3 Ibid. p. 216. 

18 Reference (7), p. 68. 
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REFRIGERATING MACHINERY. Plate 53. 


Fig + 
Compression Machine 1834 


Fig 3 
Revolving Glandar 


(Proceedings dist ME / 


Fig. 1 Earty Compression AND ABSORPTION 
MACHINES 


(Courtesy British Institution of Mechanical Engineers.) 


REFRIGERATING 


fex, and Wood of England invented their improvements, and 
1869 saw the invention in Sydney, Australia, by Morl and Nicolle 
of the Binary absorption system, using ammonia and water." 

Competition between the several methods of producing pri- 
mary refrigeration for ice making and for cooling then became 
accelerated. During 1876-1877, Carl von Linde of Munich, Ger- 
many, produced his ammonia compression machine. In 1878 
Franz Windhausen of Berlin patented a compound vacuum 
pump and in 1881 he brought out such a machine to produce 
12 to 15 tons of ice per 24 hr, using sulphuric acid, but his system 
could be used without it. On February 16, 1869, a U.S. Patent 
(No. 87,084) was issued to Dr. P. H. Vander Weyde, of Philadel- 
phia, Pa., which included the adaptation to ice manufacture of 
“naphtha, gasoline, rhigolene, petroleum, ether, or the condensed 
petroleum-gas or chimogene.”’ He also produced ice in the form 
of long cylinders by freezing in tubes. 

On September 26, 1869, U.S. Patent No. 95,347 was issued to 
Daniel L. Holden, thus introducing one of the foremost names in 
small-ice development, whose long hard struggle ended in tragic 
failure. Between that date and March 4, 1913 (see Fig. 3), 
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REFRIGERATING MACHINERY. Plate 54 
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numerous patents were issued to him. He installed plants in 
Newark, Baltimore, and other places, each of which was, he 
thought, technologically satisfactory, but which commercially 
proved a failure. Several hypotheses have been advanced as 
reasons for these failures, in which it is believed the inferior 
thermal and physical characteristics of ice so made play a large 
part. 

Our old friend Dr. Vander Weyde moved from Philadelphia 
to New York and obtained U. 8. Patent No. 108,851 on November 
1, 1870, showing a method of buiiding up an ice slab by freezing 
crusts, each '/, in. thick, by intermittent additions of precooled 
water. He states he has “attempted to imitate Nature, and 
freeze water from above,” but he must have offended her as well 
by recommending that his machine “be used for ether, bisulphide 
of carbon, methylic ether, or any other appropriate liquid’’; 
this just after mentioning chymogene or cryogene! 

An approach to small ice, although we do not know how near 
he actually came, is shown in U. 8S. Patent No. 177,845 issued 
May 23, 1876, to A. Jas of New Orleans, La. 

Among the early patents is that to C. L. Riker, No. 191,256 
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May 27, 1877. Another possible producer of small 
ice is shown in the U. 8. Patent No. 228,364, issued June 1, 1880, 
to C. P. G. Linde of Munich, Germany, already well known for 
his work on low temperatures (see Fig. 4). His invention com- 
prised a refrigerated revolving drum “with radial ice collecting 
coils, to enable the ice to be formed in thin films or layers, and 
thereby rendered transparent.’’ (We know this to be a non 
sequitur today.) 

We dare not pass over this period without an occasional 
reference to Holden, so we note his Patent No. 530,526 issued 
December 11, 1894 (see Fig. 5). Here we find a refrigerated 
vertical cylindrical vessel freezing ice on its sides, which is scraped 
off by slowly revolving scrapers or cutters, floats to the top of 
the contained water, overflows into a downspout, leading to a 
piston-type press, where it is pressed into a large cdke to be cut 
into smaller blocks by a swinging circular saw. 

G. H. Abrams (No. 654,576, July 24, 1900) froze ice in jacketed 
molds mounted on wheels and pushed into a room where cold 
air was circulated through the jackets and the room. Water 
was fed to the molds periodically to form strata of ice, making 
large blocks which were thea thawed free by acmitting steam 
to the jackets. 8. N. Smith of PhiladelpBia, Pa. (No. 703,353) 
shows two refrigerated revolving cylinders submerged in a tank 
turning in opposite directions with cutters intended to produce 
slush to be compacted (Fig. 6). 

W. E. Crane (No. 763,089, June 21, 1904) shows a rather com- 
plicated machine, and G. K. Davol (No. 988,316, April 4, 1911), 
proposed freezing a block of ice built up by laminae on a mercury- 
freezing surface. The period ends with No. 1,054,771 issued to 
Daniel L. Holden, March 4, 1913 (Fig. 3). The twin refrigerated 
submerged drums of Smith (supra) have been adopted, cut- 
ters, pumps, presses, etc., have been improved. Holden is re- 
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ported to have built machines according to this patent and to have 
made ice in large opaque blocks. 


AvutHor’s First DeEVELOPMENTs IN FieLp 


In 1915 the author started his developments in the small-ice 
field, which have continued to the present and are now pro- 
gressing at a highly accelerated rate. 

The author’s first small-ice machine comprised a vertical pipe, 
ammonia refrigerated by means of a bayonet pipe insert, on 
which water was sprayed. The ice thus produced was cut off 
by cutters pivoted within ring brackets which were carried up 
and down by a chain somewhat similar to the soot collectors on 
the old-fashioned Green economizers (for steam boilers). The 
pipe was also operated submerged in water. 

These experiments were interrupted by the rumor that Holden 
had built plants for the manufacture of small ice. Why develop 
when you can buy? So a hunt for Holden was started, but both 
he and all his plants had completely disappeared, even his freezing 
drums from the “reclaimed metalman’s”’ junk heap. 


349 q 
\ ree 4 
Fie.4 One or Linpe’s Ice Macuines 
ry \\ cate N | 
|e ~ 4 
| 


350 


The author then took the drums from one of the several drum 
driers in his plant and built and operated (1916) a plant along 
the lines of the Smith and the Holden schemes. He found several 
difficulties, but the principal one was the fact that the large 
amount of water entrained in ice thus formed requires another 
operation to remove it before the ice can be used economically 
for most purposes, as was apparently recognized by both Smith 
and Holden, as they added a press to their freezers. Numerous 
calorimeter tests, extending over long periods, show that such 
slush ice, after draining at room temperature, until equilibrium 
is established with meltage, has a heat-absorption figure of about 
102 Btu per Ib; in other words, the entrapped water amounts to 
over 29 per cent. When compressed, it is difficult commercially 
to eliminate water below 10 per cent. For comparison, ice 
cracked from subcooled 300-Ib cakes of ice runs about 126 Btu 
per lb, or about 12'/, per cent water, depending upon size and 
other conditions. 

Because of the foregoing, the author set out to develop a form 
of ice that could be used for many purposes just as it was taken 
from the freezing surface. 


Pros_em oF Removine Ice From Freezinc SurFace 


There had never been any difficulty freezing ice onto a metal 
surface; the problem had ever been, how to get it off. Two 
general methods were known; one was to heat the surface, thus 
melting the adhering film of ice; the other was to cut some of the 
film off by means of knives or similar tools. The cutting could 
be done either submerged or in the atmosphere. The author had 
tried both and had found it impossible to obtain the most useful 
form of ice by either method. Therefore he invented the method 
of freezing the water on a flexible surface, and separating the ice 
thus formed by changing slightly the configuration of the surface. 
Ice thus frozen and subeooled, has proved. both by test and by 
thousands of tons in commercial use, to be superior in heat- 
absorption content, long-time storage, and in other ways. 
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Since that invention, two other methods of separating ice from 
a metal freezing surface have been developed; one by wedging 
it off the surface, the other by freezing in a tapered mold and 
(usually hydraulically) pressing the cake from the mold surface. 
Both these will be discussed further. 

The author next proceeded to make a large number of machines, 
each based upon one of the numerous embodiments of this 
principle of dislodging a frozen product by changing the outline 
of the surface on which it was frozen, and a few of these appear 
in the group of patents issued to him April 17, 1923, beginning 
with No. 1,451,901. The first Patent Office Examiner’s Action 
had been a rejection based upon statements to the effect that 
this invention was contrary to the laws of nature. Fortunately, 
some of the machines had been tested at Cornell, during part of 
which tests some professors of impeccable standing had been 
present, so their affidavits caused a withdrawal of the rejection. 
In our country apparently all that’s needed are affidavits enough, 
and any law can be changed, even a law of nature! 

A machine was installed, and the ice from it sold commercially. 
Soon the demand for the product resulted in the building of an 
enlarged plant operated under test conditions by the author, so 
that large-scale experimental work in connection with the applica- 
tion of the product to all possible users continued for a dozen 
years (8). During this period, of course, numerous machines 
were leased or purchased and installed by others (10). 

The first machines were water peeled (WP) as shown in No. 
1,451,903; that is, the ice was detached from the freezing surface 
under water (see also Fig. 7). It was found later that ice frozen 
on a submerged freezing sutface and then carried into the air while 
freezing is continued gave a subcooled product of 150 or more 
Btu per Ib of heat-absorbing capacity, which has many advan- 
tages in subsequent handling, storage, and use. 

This air-peeled (AP) product is made on a machine such as 
deseribed in U. 8S. Patents No. 2,005,734 (June 25, 1935) and 
No. 2,257,904 (October 7, 1941). The essentials are shown in 
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Figs. 8 and 9. It is believed that the operation is obvious from Frozen Water Ribbons thus produced may be stored in a properly 
a glance at Fig. 10 and its schematic simplification Fig. 11, bear- designed bin without their freezing together (Fig. 12). 

ing in mind that no knives or scrapers of any kind are used and 

that the separation is due entirely to the difference in elasticity Oruen DEVELOPMENTS 

between the ice and the cylinder metal to which it has frozen, It was not long, however, before others entered the field. 
and to the slight change in shape of the latter as it passes over ne small company, the [XL, sold a very few machines cutting 
the deflecting roller. Many tons of the subcooled FiakIce fine spicules of ice off the part in the air of a partly submerged 
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revolving refrigerated drum. Gay, in co-operation with Carrier, 
experimented with a refrigerated drum, presumably along the 
lines of his patents No. 1,963,842, June 19, 1934, and No. 
1,931,347, October 17, 1933, but more substantial progress was 


made by W. H. Taylor (9), whose “Pak Ice’ machines shave the 
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ice in a fashion similar to Holden, but which are much further 
developed mechanically. As is shown in Fig. 13, the machine 
comprises ‘‘a corrugated liner, fitted into an outer casing, liquid 
ammonia being fed into the space between the two. The in- 
side of the liner is filled with circulating water which freezes 
rapidly on the liner surface and is constantly removed by tool 
steel scrapers’ (Fig. 14). In order to adapt this product to cer- 
tain uses Taylor developed a briquetter (Fig. 15). 

Several inventors had by now entered the field, including the 
well-known Glenn Muffiy, to whom Patent No. 2,145,773 was 
issued January 31, 1939, showing the ‘float or fall method of 
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harvesting ice plus automatic control of cycles, quantity and size 
of ice.” 

The next type of machine to become commercialized uses the 
principle of wedging a narrow band or strip off the layer of ice 
adhering to the metal surface. The first large-sized machine to 
be built of this type is shown in Figs. 16, 17, and 18, taken from 
Patent No. 2,310,468, issued January 29, 1938, to Frank Short. 
Many thousands of machines operating on this principle have 
been made, using a special form of helical cutter, as shown in 
Fig. 19, taken from Patent No. 2,308,541, issued to Francis 
M. Raver, January 19, 1943, and modifications thereof. 

Now enter the tapered freezing-chamber inventors, showing 
many improvements over our old friend Riker of the 1870's 
(vide supra), Patent No. 2,133,521 issued October 18, 1930, to 
Reinhard Wussow of Charlottenburg, Germany, and Fritz W. 
Fechner of Hamburg, Germany. The initial adherence of the 
ice body to the freezing surface is destroyed “by temporarily 
heating the latter,” or the tube may be so designed, it is stated, 
that this adhesion is overcome “by the pressure produced by the 
expanding ice in the lower extension of the tube.” Glenn Muffly 
in other patents shows machines utilizing this and similar prin- 
ciples. John R. Watt has described his machine using this 
tapered tube for freezing and a hydraulic ram for harvesting. 
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His machine has two features of importance. First, the freezing 
in laminae or “incremental films,”’ as he calls them, and next, his 
design permits the rapid manufacture of large sizes of ice blocks 
or cakes. For further details refer to the inventor's 1948 paper 
(11). 

The manufacture and sale of machines under the Flakice 
Corporation patents by the York Corporation, and the manu- 
facture and sale of machines under the Pak Ice Patents by the 
Vilter Company have naturally created a situation inviting com- 
petition from other methods. Of these the only one to date to 
have become commercial is the Henry Vogt & Company Tube 
Ice machine, which freezes ice within long vertical tubes. Har- 
vesting is obtained by heating the tubes periodically for a short 
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time; as the rods of ice fall they are cut into short lengths by a 
special form of cutter (12). 

A flexible belt type of ice-making machine is shown in Patent 
No. 2,412,621 issued Decemwer 17, 1946, to Frank W. Knowles, 
and recently considerable activity has been evident in the 
development of other small-ice freezers. As authentic informa- 
tion about their commercial operation has not been made public, 
to the author’s knowledge, further details cannot be given here. 

The advent of the York Automatic Cube Ice Maker, which 
freezes ice in vertical square cross-sectioned tubes and releases 
the ice by heating the tubes in one of several different ways, 
has been followed by the development of several competing 
devices. 

Space is not available for a full survey of the foreign field, from 
which has come little of note recently, nor to permit detailed dis- 
cussion of the advantages claimed by various processes. This 
paper is more a historical and descriptive narrative than a critical 
review of the art. 


CONCLUSION 


An attempt has been made to tell briefly the complete story 
of the development of the small-ice field—known years ago, 
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yet forgotten commercially or entirely unknown a bare two dec- 
ades ago. Now it is a rapidly growing industry of rea! stature 
and a bright future. 
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Discussion 


R. T. Brizzotara." In his review of the developments asso- 
ciated in the field of producing small ice, the author refers to his 
own developments, using a flexible cylinder which through line 
distortion of the cylinder curvature peels the ice from its thin 
cylindrical freezing surface. 

While the writer is not unfamiliar with his machine develop- 
ment, it has been noted that the flexing of the thin drum cylinder 
imposes 2 strain in the metal which strain in all probability is be- 
yond the elastic limit. 

It would be interesting to secure factual data from the author, 
as to the length of life secured with such panels from actual opera- 
tion by the users of this equipment. It would also be interesting 
to be informed as to the fabrication methods adopted for these 
panels—particularly relating to securing uniform thickness and 
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the method adopted to secure continuity of metal structure at 
joints and without incurring incipient points of weakness. 


G. F. Gray.'® The text of this paper tells the technical story of 
the birth of a new industry in great detail but omits the “romance 
and adventure’’ which is so much a part of it. If the author could 
be induced to review that aspect of the subject, it would prove to 
be not only interesting but thrilling to the younger members of 
the Society, who may themselves be launching a career of pioneer- 
ing in industry. 

For instance, consider the “David and Goliath” story of the 
struggling inventor trying to give the ice-making industry a 
better tool with which to serve the public, and finally succeeding 
in spite of the united opposition of a number of older and richer 
competitors who, as the writer heard it, not only joined forces to 
suppress this threat to their vested interests, but even succeeded 
(temporarily) in enlisting the aid of the Government itself in that 
un-American endeavor. This is discussed in one of the author’s 
earlier papers,"® but is worth recalling, both as warning and en- 
couragement, to others hoping to bring other new products to 
public acceptance. 


J. W. Martin.'? It is not clear to the writer why ice frozen and 
subcooled on a flexible cylinder should be superior in quality to 
the ice frozen on a rigid cylinder and chipped from it in accordance 
with some of the other machines described in the text of the 
article. Will the author please clarify this statement? 


AurHor’s Closure 

The paper just presented covers 35 years of constant experi- 
mental work on its subject, and the presentation of the paper 
itself is an experiment, on which we would like your comments. 
This paper was written on request of a responsible committee of 
your Society who want your assistance if getting the answers to 
certain problems of presentation. The questions to be answered 
by the presentation are as fellows: ney “oie 


1 Can the history of a young industry be completely con- 
densed into a single paper within the space and time limitations 
imposed by the excessive demands upon our Society, which 
paper will be of value as a background for future papers describ- 
ing still further advances? You may note the extensive bibli- 
ography yet the complete patent analysis originally in the manu- 
script would have required in addition over one half of the text. 
For this and other reasons it was omitted. Similarly for the 
same reasons you may note the omission of heat-transfer data, as a 
mere summary of our work would require approximately three 
pages of text, and perhaps another page for the changes with tem- 
perature in the coefficient of heat-conductivity of ice itself 
strange to say, this coefficient is not a constant. 

2 Can such a paper be written by one active in the industry 
and be fair to competitors? Judging from the protests I have 
already had from some of my associates, this question may have 
already been answered, at least in part. 

3 Can such a paper be given without harm to the interests of 
the author or his company? What is the balance between the 
duties of a professional engineer and the demands of his employer 
in the delicate matter of making public information acquired by 
expensive research? A previous attempt of mine, a paper on ‘Steel 
Wool Manufacture” presented in 1927 before this Society, in- 
volved me and my company in patent litigation for many years. 
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In my belief, the principal reason was that I accepted for pur- 
poses of the paper, with neither question nor sneer, patent pub- 
lished statements of my competitors as facts, which was not al- 
ways the case. I was, therefore, embarrassed in the denial 
that I had confirmed or approved these statements. How can 
a professional engineer talk about the work of other engineers 
and maintain a professional bearing, neither belittling nor 
advocating? 

4 The final facet of this experiment is the attempt to use 
colored slides. It is one of the worst subjects for that purpose, in 
that because of the other phases just mentioned, only the original 
patents are shown and these do not lend themselves to color as 
well as diagrams made for the purpose. The selection of colors is 
in turn an experiment; for example, I assure you red for ice was 
selected for contrast, not because of its present ideology. 

Referring now to Mr. Gray, just as this development was be- 
coming commercialized, the unbelievable happened; the Con- 
gress of the United States in an instant threw the nation back into 
the Middle Ages by the passage of the National Recovery Act. 
President Franklin D. Roosevelt signed many so-called “Codes of 
Fair Practice,” in which the small manufacturer was placed at the 
mercy of his large competitor. The vast majority of these codes 
contained “Birth-Control Clauses’’ which as practiced prohibited 
the installation of newly developed products and equipment. 
An ice-industry trade association promptly took advantage of 
this opportunity to outlaw the new and very young compe- 
tition of FlakIee Frozen Water Ribbons. The National Re- 
covery Administration outdid the mediaeval guilds in their sup- 
pression of the individual. The exact parallelism of many of the 
regulations in these codes with guild statutes proved their origin, 
as was acknowledged to me privately by one of the Code Adminis- 
trators. The story of one man’s fight to preserve Americanism 
before the NRA was declared unconstitutional by the Supreme 
Court is given in the reference “Business and the Sovereign 
State.” 

Referring to Mr. Brizzolara’s question, the distortion of the 
metal necessary to peel the ice depends upon the thickness of 
the ice and some other operating conditions, but the strains due to 
this distortion are nowhere near the yield point. The design pro- 
vides for 4 maximum strain due to the deflection of less than half 
the fatigue-endurance limit, which in turn is less than one third of 
the ultimate strength, so the design “factor of safety’’ as we used 
to call it, is greater than 6 on ultimate tensile strength. 

In 1947 we studied the data from all flexible freezing cylinders 
that had been made in 1937. We had complete data on 94!/, per 
cent of all such cylinders; the others had been shipped abroad, or 
otherwise track had been lost of them. Of this 94'/. per cent 
there were still in operation after nine years 94 per cent (88 per 
cent of the total madé). Those which failed in less than nine 
years of service life did so in almost every case because of freeze 
up or similar mechanical accident. Factory accelerated tests are 
stopped at the equivalent of ten years’ service life and the fact 
that so many reach ten years or more in customers’ plants con- 
firms the accelerated test. 

It should be pointed out, however, that these flexible freezing 
cylinders are belts, and as is the case with any belt, if due to 
wear or accident the roller or guides cause any misalignment, the 
strains in the cylinder increase very rapidly, with consequent 
great decrease in service life. 

Referring to Mr. Martin's question, ice ribbons '/s in. or more 
thick, subeooled, dry, and peeled from an arcuate flexible surface, 
are superior to other forms of ice, in that their physical and heat 
absorptive characteristics can be controlled economically in pro- 
duction to suit the requirements of most ice-consuming opera- 
tions. In general, it has been found possible to perform the same 
heat absorptive duty with FlakIce Frozen Water Ribbons having 
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a weight of 75 per cent or less of the block or can ice that is 
cracked or crushed before using 

In order to accomplish these results, and to provide large ton- 
nage storage, with or without automatic or automatically meas- 
ured discharge, the ribbons must be free flowing. To be free 
flowing, ice ribbons must: 


(a) At all times before final consumption be dry and sub- 
cooled. 

(b) Kept free from all moisture, even condensation from wet 
air. 

(c) Be of a thickness sufficient to prevent breaking while 
handling into too small fragments ('/s in. has been found the 
minimum practicable thickness, 0.14 in. to 0.16 inch is preferred). 

(d) Have the long dimension of the fragment arcuate, not 
straight. This permits the fragment to ride like a sleigh on the 
pieces underneath. (Note the difference in behavior between a 
sleigh on acold, dry morning and the same sleigh dragged through a 
thawing ice-water mixture. To date the only process commer- 
cialized for producing large quantities of ice of the foregoing 
characteristics is to freeze ice on a flexible surface and peel it 
therefrom by distorting the surface.) 


In addition to the foregoing, it is possible by peeling the ice 
rather than scraping, wedging, or melting it off the freezing surface, 
to control the amount of heat absorptive capacity of each and 
every pound of subeooled ice to plus or minus one Btu. Thus ice 
may be produced at 150 Btu per lb, stored for long periods in a 
properly designed and operated bin (held at 20 F or lower), and 
then consumed absorbing 150 plus or minus one Btu per lb, with 
either very high or very low melting rates, depending upon the 
desired duty. This uniformity of heat-absorptive capacity and 


control of rate of melting is of great value in certain chemical- 
plant processes, and in concrete dam construction, ete. 
Referring to Fig. 10, the desired subcooling is maintained by 


the relative positions of the water level, the deflection roller, and 
the brine nozzles. The omission of nozzles near the roller reduces 
the rate of heat transfer during the subcooling part of the cycle, 
thus tempering the ice without adding heat for that purpose. 
This, together with the flexible shape of the belt, prevents the 
cracking and shattering of the ice, which would occur on a rigid 
cylinder at similar low temperatures. 

Referring to Mr. W. F. Friend's question, the economic fac- 
tors of superiority of dry and subcooled ribbon ice may be sum- 
marized by saying that there is a large saving in the amount of ice 
needed for a definite operation, frequently a betterment in the 
product to which the ice is applied, such as an increase in yield of 
some chemicals or an absence of physical injury to boxed fish, a 
large saving in the space required for a plant of a given output, a 
saving in first cost of installation, and a smalier but still apprecia- 
ble saving in the cost of production per ton of ice. 

Referring now to the question from the floor, about two years 
after the 1936 shipment to Russia of the five-ton flexible freezing 
surface portable unit, we were informed by an American engineer 
recently returned from Russia that it was then operating, but 
since that time it has not been heard from. Negotiations for 
larger units were broken off because of war preparatiens. 

The application was unique and may be of interest. The unit 
was designed to be taken into vegetable fields for prompt “dunk- 
jug” in FlakIce Frozen Water Ribbons immediately upon “pluck- 
ing.” Tests had proved that by this method 100 per cent of the 
ascorbic acid (vitamin C) in the vegetable could be retained for a 
long period; a result not obtainable with other methods of preser- 
vation. 

Referring to Mr. Gates’ discussion, we have found that the 
change in heat-transfer coefficient is due not only to air inclusion, 
but is present also when no appreciable air has been frozen into 
the ice—it seems to be truly a function of the temperature of the 
ice itself. 
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Carbide High-Velocity Turning 


By LEIF FERSING,' SPRINGFIELD, VT. 


The term “carbide high-velocity turning,” has lately 
come into use to indicate higher turning speeds than here- 
tofore have been considered economical or practical for 
machining steel. Turning speeds of 350 to 400 fpm were 
generally considered high, whereas today turning speeds 
for steel from 400 to 1400 fpm are actually used in produc- 
tion with great success. This paper deals with factors af- 
fecting turning of steel and presents measurements of 
chip temperatures, loads on tools, effect of chip breakers, 
and the effect of turning speeds on the quality of finished 
surfaces. Illustrations of tools in cut at surface speeds up 
to 2400 fpm are shown. Descriptions of instruments are 
included, together with references to parts now being 
machined in the “high-velocity turning range”’ in produc- 
tion. 


INTRODUCTION 


(OR a given pair of materials, rate of wear between them is a 
eee of surface finish, load, rubbing speed, hardness, and 

temperature. When turning steel, machinability becomes a 
very important variable. Correlating available information and 
extensive tests under actual production conditions, improvements 
in tool materials and machinability of steel, machine design and 
methods are problems which continuously confront the tool engi- 
neer. The wear at the tool point must be kept within economical 
range as speeds and feeds are increased if the increase in produc- 
tion is to result in a reduction in total cost. 

Most tool-load data in this paper are obtained from turning 
cuts on 3'/,;-in-diam solid bars and on two types of normalized 
steel, SAE-C-1118, cold-rolled, and SAE-8747, hot-rolled. The 
cuts were taken on a J&L No. 5 ram-type turret lathe provided 
with a 15-hp motor. Spindle speeds 123, 253, 365, 510, 734, 1041, 
and 1500 rpm and feeds 0.007, 0.011, 0.015, and 0.022 in. per 
revolution (ipr) were used for a representative range of cuts with 
carbide tools. Photomicrographs of the structures and analyses 
are shown in Fig. 1. These steels were chosen as their machina- 
bility is fairly representative of steels used in manufacture today. 
All turning cuts were taken with tools having the cutting edge 
perpendicular to the axis of the work and a 0.015-in. nose radius, 
when not otherwise stated. 


AveraGe TEMPERATURE OF CHIPS 


An interesting phenomenon when cutting steel without coolant 
is the change in color of a chip as cutting speed is varied. For 
example, when machining C-1118 steel at 2400 fpm using 0.015-in. 
feed and a tool having 10-deg positive side rake angle, the chip 
discolors only slightly to a light straw color. As the cutting speed 
is reduced to below 1000 fpm, the chip starts to darken, turning 
purple-blue between 200 and 300 fpm, whereafter the chip again 
becomes lighter, showing only a slight discoloration at 100 fpm, 
Fig. 2. A similar though much less pronounced condition exists 

1 Experimental Engineer, Jones and Lamson Machine Company. 
Mem. ASME. 
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when 8747 steel is machined under the same conditions. The 
mean temperature of this chip is higher and rapid oxidation takes 
place, producing a purple-blue color as the chip is left in the 
air to cool. 

The calorimeter method was used for determining the average 
temperatures of chips at various cutting speeds. Some results of 
such tests are shown in Fig. 3. The average temperature of the 
chips as cutting speed is increased above 450 fpm remains ap- 
proximately constant. The variation in color of the chips at high 
cutting speeds is probably due to variations in the thickness of 
chips and in the rate of air cooling at different speeds. The cal- 
orimeter method required the development of a chip breaker 


359 


4 
4 
8747 Steel | 
; 


TRANSACTIONS OF THE ASME 


MAY, 1951 


Cotor Comparison or Cates Formep Wiraour Cootant at Various Speeps, C-11IS Street 
(0.015 in. feed per revolution, 0.150 in. depth of eut.) 


O70 R 
—HEEL 


‘ 
CHIP BREAKER 


NARROW ——~, 
CHIP BREAKER 


8747 


STEEL 


CHIPPED 
TOOL 


o-SAE 8747 STEEL 


CHIP TEMPERATURE °F 
8 8 


x -SAE C-1118 STEEL 


S00 


1000-1200 


00 400 600 800 
SURFACE SPEED FPM 
hic. 3) Avexace Temperature or Versus Cutrinc Sreeps 
For ©-1118 Steer anp 8747 Sree. 
(0.015 in, feed per revolution, 0.150 i. depth of cut.) 


whieh would break the ebips of both types of steel at all speeds 
into somewhat similar shapes, Fig. 2. A cross section of the chip 
breaker is shown in Fig. 3. The temperature of each point on the 
curves is the average of three,tests. It was necessary to keep close 
dimensional control of the chip breaker and to maintain a sharp 
cutting edge in order to duplicate results. Inspection of the chip 
breaker was made on « comparator at 31.25:1 magnification as 
shown in Fig. 4, permitting dimensions to be controlled within 
0.001 in. 

Chip breakers and rake angles on tools have a great influence on 
the average temperature of a chip. In Fig. 5 chips are shown 
formed at various speeds by a slightly narrower chip breaker. 
The thickness and the width of these chips are plotted in Fig. 6. 
The average temperatures of the chips from 8747 steel followed 
approximately the curve shown in Fig. 3, whereas for C-1118 steel 
the average temperature of the chips increased very rapidly when 
cutting speed was reduced to below 250 fpm, reaching a tempera- 
ture of about 780 F at 112.5 fpm. This chip breaker was defi- 
nitely of a poor design for C-1118 steel at low cutting speeds as 
evidenced by the shapes of the chips and their purple-blue color. 

When cutting conditions were alike, the cross section of a chip 
from 8747 steel was always smaller both in width and thickness 
than of a chip from C-1118 steel. A chip is more or less trape- 
zoidal in cross seetion and always thicker than the feed and wider 
than the depth of cut, although this effect is reduced as speed is in- 
creased, Furthermore, the average temperature of a chip taken 
at a certain speed and feed inereases when a tool breaks the chips 


into smaller parts and/or forms a heavier cross section. 


MEASUREMENTS OF Too. Loaps 


SR-4 type bonded-wire strain gages were used to measure de- 


Fic. 4 ror Inspectinc Rapivs, Rake, or 
Breaker on Comparator 


flections in a specially designed toolholder. Three components 
of the load as shown in Fig. 7 were recorded simultaneously witb 
the help of direet-inking oscillographe. 

Figs. 8 and 9 show the loads on a tool with the same chip 
breaker and for the same feed and depth of cut as used in Fig. 3, 
for C-1118 and 8747 steels, respectively. The load curves are 
similar to the average heat curves. Above a certain speed, about 
450 fpm, the temperature of the chips remained approximately 
constant, whereas tool loads, especially tor C-1118 steel, con- 
tinued to drop. 

The effect of coolant (50 parts water to | part wetting agent) on 
tool loads is plotted in dot-and-dash lines. All tool loads in- 
creased when coolant was used. It is obvious from these curves 
that the coolant bad no lubricating value, but that a quenching 
of the chips took place. The cooling effect was excellent as all 
chips remained silver-white. The chips became more broken and 
slightly smaller in cross section than when turning dry. In order 
to complete the picture, loads on a tool with 10-deg side rake, no 
chip breaker, and without coolant are plotted in dotted lines. 
Note that at certain speeds for C-1118 steel the loads on the tool 
without the chip breaker are greater than on the tool with the chip 
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breaker. The reason for this phenomenon may be that at higher 
speeds the chip did not follow the contour of the chip breaker. 
The contact between the chip and the tool was along the cutting 
edge and against the heel of the chip breaker. This condition ex- 
isted for all cuts on 8747 steel. 

In Fig. 10 the rate at which heat is generated by the tangential 
load at the tool point and the rate of heat generated in the chip 
are plotted against cutting speed. The tangential work equiva- 
lents in Btu are obtained from the tangential loads (cutting dry 
with chip breaker) in Figs. 8 and 9, and the “beat into chips” 
from the temperature rise of chips, used for plotting curves in 
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Fic. 10 Cutting Heat Versus Speep; Cuip Breaker, Fic. 3 
(0.015 in. feed per revolution, 0.150 in. depth of cut.) 


Fig. 3. Two other curves are shown and represented as “‘per 
cent” of heat into chips. They are obtained by dividing heat 
into chips by “tangential work equivalent.” 


Tangential work equivalent = power, 778, Btu per min. 
Heat into chips = (7’—t) CW, Btu per min. 
where 7’ —t = temperature rise of chips, deg F 
C = average specific heat of chips 
W = weight of chips, lb per min 
Power = tangential load X feet per min 


Friction between the tool and the chip, deformation of the chip 
by the chip breaker, and heat going into the workpiece and the 
tool are variable factors accounting for the difference in the 
“percentage” curves. In this connection it may be pointed out 
that the difference in machinability of the two steels was quite 
noticeable during test cuts. The C-1118 steel was very free- 
machining (note sulphur content, Fig. 1), and the limitation on 
speed and feed for the desired depth of cut was the capacity of the 
motor (30 hp at 100 per cent overload). The test cuts were 
short, however, ranging from '/, to 1 in. When machining 8747 
steel, especially with positive rakes, difficulties in tool life started 
at about 700 fpm cutting speed. Only by paying constant and 
careful attention to the lapped finish on the cutting edge of a tool 
was it possible to obtain the stable condition necessary for solid 
comparison. Five-degree negative rake angles gave no difficulties 
in this respect even though tool loads were higher than for posi- 
tive rakes. 

The tangential work equivalent and the tool load are two of the 
factors controlling the speed at which steels can be turned with 
carbide. A combination of the effects of pressure, speed, tem- 
perature, rate of chip flow, coefficient of friction and/or surface 
roughness on a tool, tool angles, duration of cut, and rate of cool- 
ing, together determine a critical speed above which heat becomes 
excessive, causing pitting of the carbide and rapid breakdown of 
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the cutting edge. The percentage curves are of particular in- 
terest in that they show a great difference between the two steels. 
C-1118 steel, which is freer-machining, produces the heaviest 
chip, that is, there is greater deformation at the tool point than 
with 8747 steel (see Fig. 6). Disregarding extreme conditions, the 
thickness of a chip generally indicates the machinability of a 
steel, the heavier the chip the more free-machining the steel and 
the higher the percentage of heat carried away by the chip. 

In Fig. 11 the effect of nose radius, relief angles, and width of 
chip breaker on load components are shown. The feed load has 
four components; penetration load forcing the tool point into the , 
parent metal, friction load from the chip flowing over the tool 
surface, crowding by a chip breaker where a breaker is used, and a 
component of the tangential load depending on the side rake 
angle, increasing the feed load for negative rakes and decreasing it 
for positive rakes and zero for zero rake angle. As the nose 
radius is increased, the feed load remains almost constant whereas 
the radial load increases. Even with a pointed tool, the chip 
widens and flows away from the work, thus producing a frictional 
component in a radial direction. The effect of the variation in re- 
lief angles is not noticeable as long as the tool is sharp, but be- 
comes very prominent, especially for small relief angles, when the 
tool starts to wear. The penetration load of a cutting edge is very 
small as long as the tool is sharp and the frontal penetrating area 
at a minimum. 

The feed load shown by the curve is the friction force between 
the tool and the chip as the rake angle is 0 deg. 

The importance of carefully designed chip breakers is empha- 
sized by the marked effect of breaker dimensions on feed loads as 
shown at the right in Fig. 11. All combinations of width and 
depth broke the chip. 
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In Figs. 12 to 20, inclusive, tangential loads and feed loads for 
various rake angles and feeds are plotted against cutting speed. 
The test cuts were taken by holding constant first the spindle 
speed and then the feed rate. After a series of test cuts had been 
completed, the first cut was repeated and the loads were checked 
to insure that the tool had remained sharp. The characteristics 
of the load curves for the two steels are very different, especially 
at speeds below 500 fpm. The loads for 8747 steel increase 
rapidly as speed is reduced, whereas the loads for C-1118 steel go 
up and down except for negative rake tools. All radial loads were 
only about 10 per cent of the feed load and therefore are not in- 
cluded. Undoubtedly the surface finish on tools and variation in 
stock produce some irregularities in tool loads. Of special in- 
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terest. is the slight change in feed load for 10-deg positive rake, 
Fig. 19, as feed was increased from 0.011 to 0.022 ipr and the al- 
most proportional increase for 5-deg negative rake angle, Fig. 20. 
As a whole, the loads are bigher for 8747 steel than for C-1118 
steel. 

Fig. 26 shows the tensile strength and the yield point of the 
two steels at elevated temperatures. Indications are that the dif- 
ference between tensile strength and vield point affects the thick- 
ness of chips. Obviously, since temperature determines the 
tensile strength and the yield point, it has considerable influence 
on tool loads, This probably explains some of the adverse ef- 
fects of coolant on tool loads as shown in Figs. 8 and 9. 


SLow-Morron 


Tools in cuts are shown in Figs. 22 to 25. These illustrations 
were taken during facing cuts at various cutting speeds with a 16- 
mm slow-motion camera at the rate of 3000 frames per sec. 
The arrangement of the tool and the workpiece is shown in Fig. 
21. The photographs are enlargements of the films when the 
tools had been in the eut 3 sec. The actual height of the tool was 
lin. When making the enlargements, the emulsified side of the 
film was kept closest to the photographic paper in order not to 
reduce sharpness, and the enlarged photographs are therefore 
shown in reverse. 

There is no indication at any cutting speed either on the en; 
largements or on the film that the work splits ahead of the cutting 
edge. The chip flows across the cutting edge at a slower speed 
than the work is moving since the chip cross section is greater 
than the product of depth of eut and feed. The chip cross section 
is not uniform because of the shearing, compression, and varia- 
tion in friction in the cutting process. As work speeds are in- 
creased, the chip tends to become thinner and more uniform in 
cross section, The dark spot at the very tip of the tools is caused 
by change in color due to heat, and the size of this dark spot shows 
how far the heat has flowed into the tool in the short time of 3 sec. 
The difference in the amount of heat going into the tip when 
machining C-1118 steel and 8747 steel can readily be appreciated 
by comparing the upper left-hand picture in Fig. 25 where C-1118 
steel is machined at 2400 fpm and the lower right-hand picture in 
Fig. 22, where 8747 steel is machined at 1200 fpm, both tools 
having a 5-deg positive back rake angle. Another interesting 
comparison is the difference in chip thickness and the proportion 
of heat going into the tool when machining 8747 steel with 5-deg 
positive, O-deg, and 5-deg negative rake angles at 1200 fpm cut- 
ting speed. The 5-deg positive rake angle shows the tool starting 
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C-1118 steel 

Back rake angle 5 deg 
Feed 0.015 ipr 

Speed 2400 fpm 


steel 

Back rake 5 deg 

Feed 0.015 ipr 

Speed 150 fpm with coolant 
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8747 steel 

Back rake angle —5 deg 
Feed 0.015 ipr 

300 fpm 

Chip deflector removed 


ake 
Feed 0.015 ipr 
Speed 1200 fpm with coolant 


Factnec Cuts on C-1118 Steer at 2400 Srpm, at 150 1200 Sypm on 8747 Steer. Wirn Carp 


Deritector Removep 


to crater, whereas the 5-deg negative rake angle shows least heat 
and no eratering and the thinnest chip. The influence of cutting 
speed and material on the thickness of a chip can be seen easily 
and agrees with measured data, showing that the higher the speed 
and the harder the material the thinner the chip. 

The photographs are slightly misleading in that they show the 
chips as having a tendency to curl. A chip deflector was used on 
top of the tool to prevent the chips from getting in front of the 
camera. In the upper right-hand corner of Fig. 25 a photograph 
is shown with the chip defleetor removed. The chip is coming off 
straight along the top of the tool and even riding on top of a curler 
ground into the tip. The tendency of the chip to come off straight 
was always apparent until an objeet was hit which would start 
the curling. 

The two lower photographs in Fig. 25 were taken while a 
transparent coolant was sprayed on the disk toward the tool and 
forming a sheet of coolant on one side of the tool only. In both 
pictures the heat at the tip of the tool is very noticeable. 
Quenching of the tip is actually taking place and is very detri- 
mental to carbide. The volume and the force of the coolant are 
small and could not be directed at the tool for ideal conditions be- 
cause of photographic limitations. A coolant should be directed 
against a cutting edge both from top and bottom, 
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Cutting speed also affects the amount of deformation at and 
below the finished surface of a turned piece. In Figs. 27 and 28 
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Fie. 27 Stupies or Scurrace Derormation on C-1118 Steet, Macninep at Vantous Sereps Wits anp W:rnout 
CooLant; 1500 
(0.015 in. feed per revolution; 0.150 in. depth of cut, 0.050 in. nose radius, and 10 deg side rake on tool.) 


microstructural studies of deformations at various speeds with and 
without coolant are shown. The steels are the same as in previous 
tests with the exception that the C-1118 steel has not been normal- 
ized. Although the greatest deformation penetrates only 0.001 
to 0.002 in. below the surface, it is clearly demonstrated that the 
cutting speed influences the surface structure. Deformation de- 
creases with increased speed, this being less pronounced in the 
high-velocity range, is less without coolant than with coolant, and 
is less for steel with higher tensile strength, Figs. 1 and 26. 


PropuctioN APPLICATIONS 


Test results and experimental work give the engineer a good 
base to work from for planning future developments and improve- 
ments. In machining, the variables are many and results often 


contradictory because components of many factors are hard te 
control and difficult to evaluate. Hence the ultimate value of 
pioneering work is determined on the production line rather than 
in the laboratory. Although cutting without coolant has shown 
certain advantages in the laboratory, these are generally far out- 
weighed by disadvantages appearing on the production line such 
as heat expansions, preventing holding close dimensions, tool life, 
handling of hot workpieces and chips, and so forth. There are 
occasions, however, when cutting dry is the most practical solu- 
tion, for example, when intermittent cuts are taken at high 
cutting speeds where the repeated quenching of a carbide tip by 
coolant quickly shatters a cutting edge. 

Cutting speeds in the high-velocity range already have proved 
themselves on the production line. An amazing example is the 


369 

- 4 . | 

> 


TRANSACTIONS OF THE ASME 


Without Coolant 


Speed, Fpm 


MAY, 1951 


With Coolant 


Mic rkostructuraL Stupres of Surrace Derormation on 8747 Steer, at Various Speeps Wit anp WitHoct 
CooLant; & 1500 
(0.015 in. feed per revolution; 0.150 in. depth of cut, 0.050 in. nose radius, and 10 deg side rake on tool.) 


turning of automotive drive pinion forgings with the tooling 
shown in Fig. 29, on a 16-in. Fay automatic lathe shown in Fig. 
30. The forging (SAE 8620 steel Bhn 176) is driven by a chisel 
drive and completely machined in 8.5 sec, as follows: 


Spindle speed .....1200 rpm 
Cutting speed (max)...........1185 fpm 
Turning feed. . 0.0148 ipr 
Facing feed 0.012 ipr 
Cutting time. .8 5 sec 


17 sec 
3/, in. total, 2 lb (approx.) 
66 


Improvements in tool life after a year’s production are still 
being made and some remarkable results are worth mentioning. 
As many as 660 pieces per index have been obtained on the square 
insert turning the large tapered diameter of the pinion, and over 


1000 pieces per index on several of the triangular inserts. Note 
that all tools are of the carbide-insert type, requiring a minimum 
time for tool changes, and that toolholders are built as heavy as 
space permits. The coolant is supplied through holes integral 
with the toolholders and thus always forcibly directed at the cut- 
ting edges of a tool. To gain full advantage of cutting speeds in 
the high-velocity range other refinements than maximum rigidity 
and quick tool change become vital engineering problems. The 
loading time in this setup is reduced to a minimum in the follow- 
ing way: The operator puts the forging which has been faced to 
correct length and centered in both ends on the two brackets 
shown underneath the finished piece and pushes a buttom (see 
Fig. 34), which starts the entire automatic cycle. The ram, witha 
live center, moves forward, catching the forging on centers, forcing 
the knife-edges into the face of the forging by hydraulic pressure 
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to provide the drive, the splash guard closes (see Fig. 34), and the 
spindle starts. When the piece is finished-machined, the spindle 
stops, the hood opens, the ram withdraws, and the finished piece 
crops down on the twe brackets to be replaced with a new forging 
by the operator. Stopping and starting the spindle without ap- 
preciable loss of time is in itself a problem. The spindle comes to 
full speed in less than 1'/, see and at maximum production 3'/, 
%-10 THRE oan times per min. The kinetic energy of rotating parts is about 

10,000 ft-lb per start, or 35,000 ft-lb per min, which has to be 

dissipated as heat between the clutch and brake surfaces of 

reasonable size without excessive wear. A total of 100,000 stops 

and starts is considered a short life. 
bmanferssg] OPERATION | nom | sree | FEED | The importance of tool-point surface finish is emphasized in an- 
1 | | STOCK STOP | PRS RST other example from the production line shown in Fig. 31, with 
POINT __| 2000 714 HAND machining operations, feeds, and speeds shown in Fig. 32. The 

| {TURN A |2000) 714 |.015 | cutting of the 1'/,-in-long thread at B is made with carbide 
=e. ee _.2000 | 422 | 015" chasers in about '/; see cutting time. It used to be necessary to 
5 THREAD B | 2000/ 390 100 
FORM C.D &E 20001 714 HAND) resharpen the chasers after every 250 pieces, but the chasers are 
jt CUT OFF 12000 Fia 0035") now provided with superfinished cutting surfaces, and 700 pieces 
are made without resharpening. The material in the bolt is SAE 
Fic. 32) Operation Data ror Macuininc Bout Shown Fic. 31 1040 steel. 
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A steel considered difficult to machine is SAE 52100, commonly 
used in antifriction bearings. This steel has a machinability 
rating, using the drill method of penetration, of about 40 per cent 
lower than 8747 steel. The tooling for boring and facing an outer 
race is shown in Fig. 33. The ring forging is approximately 12 in. 
diam and 11'/,in. long with */,¢ in. of stock coming off on the side. 
The race is finished-machined with only one cut taken on each 
surface in two operations, at cutting speeds of 594 fpm at 0.015- 
in, feed per revolution for boring and 655 fpm at 0.020-in. feed per 
revolution for turning the outside diameter in 3.35 and 2.76 min 
cutting time, respectively, and with a tool life of 17 to 20 pieces for 
boring with a shank tool and 25 to 30 pieces per index for turning 
with a round insert. Tool-setting gages permit replacing of shank 
tools in about 1'/. min a piece. Therefore any gain in tool life 
from reduced speeds would have to be considerable to increase 
production. 

In Fig. 35 is shown a ball-bearing outer race, also of 52100 
steel, which for several vears has been machined by the author's 
company in three operations to demonstrate possibilities in car- 
bide high-velocity turning. The ball groove 0.161 in. deep is 
machined in the third operation by a form tool at 945 fpm cutting 
speed and 0.006 in. feed in 2'/, see cutting time, using about 50 
hp. The average number of pieces per tool grind is about 220. 
The groove has been machined in only 1'/: see by increasing feed 
and without appreciable reduction in tool life. The gain in floor- 
to-floor time was, however, so small from 15 to 14 sec, that no gain 
was made in a day’s production on account of a few extra changes 
of tools. To increase production it would be necessary to reduce 
chucking time rather than cutting time. Similar grooving opera- 
tions are run on the production line by bearing manufacturers at 
cutting speeds between 500 and 600 fpm. Of further interest is 
the fact that the grooving operation is run successfully both wet 
and dry since the tool is in the cut too short a time to beeome 
overheated, 

In Fig. 34 is shown a modern automatic Tathe with push-button 
control and with workpiece and tools totally enclosed under a 
transparent sliding hood, permitting coolant to be directed at 
cutting edges of tools in all directions without flooding operator or 
floor and providing ample protection against flying chips. 


Test ARRANGEMENTS 
Average Temperature of Chips. A calorimeter was made from 


thin tin, double-walled with '/.-in. asbestos insulation between the 
walls. A square hole in one side fitted snugly around the tool, and 
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a round hole in an adjacent side permitted the workpiece to enter 
with a slight clearance to prevent rubbing (see Fig. 36). Two 
covers were used, one during the cut, and one made from wood 
and insulated with felt. This latter cover fitted inside the calorime- 
ter below the hole for the workpiece and underneath the tool 
and was provided with a small hole in its center, permitting a 
thermometer with 5 graduations per deg F to be inserted for stir- 
ring and reading of temperatures. The two covers were ex- 
changed immediately after a cut had been taken. The length of 
cut for each speed was | in. and depth, 0.150 in. One pound of 
distilled water was used for each test, providing a depth in the 
calorimeter of about 2 in. Temperatures of all component parts 
were permitted to level off at room temperature before each test 
cut. The peak temperature of the water after each cut was re- 
corded while the stirring took place and was used for determining 
the temperatures of the chips. The temperature would rise very 
rapidly, level off, and drop slowly. The chips from-each cut were 
weighed and the weight was used in calculations. 
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The calorimeter was calibrated by heating chips of both steels 
from a number of cuts to various measured temperatures. The 
chips were heated in covered Inconel trays provided with a ther- 
mocouple connected to a millivoltmeter calibrated directly into 
degrees F. The procedure for obtaining the temperature of the 
mixture of chips and water was the same as for a cut. The dif- 
ference between the recorded temperature rise of the water and 
the theoretical temperature rise of an equal amount of water for 
perfect heat transfer was accepted as the loss in the calorimeter. 
The mean specific heats of steels of similar compositions within 
the known temperature ranges were used in the calculations and 
later for plotting the curves in Fig. 3. The heat loss of the calorime- 
ter was approximately proportional to the temperature rise of 
the chips. Radiation and vaporization losses were neglected 
when computing various temperatures. These errors are small, 
though greatest at slow cutting speeds. The quantity of heat was 
obtained from 

Heat units = CW (T 
where 

C = specific heat of material (average) 
W = weight of material 
T —t = temperature rise 


The specifie heat of C-1118 steel increases from 0.116 to 0.143 
as temperature is increased from 120 F to 750 F, and of 8747 steel 
from 0.114 to 0.142 (Metals Handbook, American Society for 
Metals). 

Components of Tool Loads, \n developing a special toolholder 
for measuring components of tool loads, emphasis was placed on 
rigidity without loss of sensitivity and accuracy. Furthermore, 


Fic. 37 Toor Post 


recording instruments were desirable. The toolholder and tool 
post are shown in Fig. 37. The toolholder was provided with four 
integral diaphragms. 
vided with a round hole made to receive the outside diameter of 
the diaphragms. A sturdy sheet-steel cover with ample clearance 
around the toolholder was used for protection of strain gages and 
wiring and also for preventing chips from producing undue loads 
on the holder. Sets of sensitive SR-4 strain gages were cemented 
to the holder in such a way as to measure only one component of a 
tool load per set. The tangential load on the tool was indicated 
by two gages placed on top and bottom of the holder, and the feed 
load by two gages placed on the sides of the holder. The radial or 
shank load was indicated by a set of gages on a cantilever in 
juxtaposition with the rear end of the toolholder, Fig. 39. The 


The slotted, viselike tool post was pro- 


surface of this cantilever was square with the axis of the tool- 
holder and concentric with the rear diaphragm. The cantilever 
was slightly preloaded against the ball in order to assure good con- 
tact. The position of the ball was chosen so that bending loads 
on the toolholder would have minimum effect on radial tool loads. 
Only the three rear diaphragms were clamped in the tool 
post, the diaphragm closest to the tool being an extra protection 
for the electrical components. The toolholder was provided with 
a square hole to receive l-in. X 1-in. tools, and located so that the 
cutting edge of the tool always could be located on the axis of the 
holder, thus reducing errors from torque interferences between 
components of tool loads to a minimum. The toolholder was 
hollow except for the part where the tool was clamped and at the 
rear end where a pressed-in plug was used for holding the ball. 
The three sets of strain gages on the toolholder were connected to 
universal analyzers and direct-inking oscillographs. All three 
components of a tool load were recorded simultaneously, Fig. 38. 
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The calibration of the instruments was made with known loads 
applied in the same direction as the components of the tool 
loads as shown in Fig. 40. 

The lever arm was supported by a fulcrum point on the turret 
with a link abutting against or pulling on the tool. The width of 
engagement between the link and the cutting edge of the tool was 
made equal to the depth of the cut to be tested except for radial 
loads. Before a known weight was attached to the lever, the sys- 
tems were balanced electrically, thus eliminating the lever and 
permitting use of loads in round figures for calibration, for ex- 
ample, 100 or 500 Ib. Any cross-effect of one calibration load 
upon the other two sets of strain gages was recorded and com- 
pensated for when calculating loads. To calibrate with weights 
was necessary only once for each depth af eut.as the instruments 
were provided with an auxiliary electrical calibration system 
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which could be switched in at any time to check for drift. Full 
gain of the analyzers was always used and the lowest attenuation 
which would keep the inking pen inside the chart paper. 


CONCLUSIONS 


Both production experience and experimental tests have 
shown that higher cutting speeds for machining steels have many 
advantages, such as lower tool loads and less surface deforma- 
tion on finished parts; and that tool life can be very economical 
even though the rate at which heat is generated at a tool point is 
practically proportional to cutting speed. Improvements in the 
quality of tools, coolants, machine construction, materials, meth- 
ods, and controls have resulted in higher permissible cutting 
speeds with increased production and possibilities for greater 
economical benefits. It is not suggested that cutting speeds 
should or ean be doubled or tripled on present equipment without 
careful attention to all factors involved nor that the limit in pro- 
duction capacity bas been reached in examples from the produc- 
tion line. The various tests show that there are no drastic 
changes in tool loads and chip temperatures as cutting speeds are 
increased from 300 to about 1400 fpm, that tool finish and angles 
have a vital effect on tool life, and that chip breakers and cutting 
angles on tools should be modified to suit both cutting speed and 
type of steel for obtaining highest efficiency in chip removal. A 
few years ago when carbide was introduced, most machine tools 
lacked power, speed, and rigidity for efficient use of carbide tools. 
The recent successes in the high-velocity range indicate that a 
similar era is approaching when a large proportion of existing 
machine tools are rapidly becoming obsolete. 


ACKNOWLEDGMENTS 


The author wishes to express his appreciation to Lester Shee- 
han, chief metallurgist, Harold L. Murch, chief optical engineer, 
David N. Smith, research engineer, and William Moeser, re- 
search engineer, all of the Jones and Lamson Machine Company, 
for their collaboration in the preparation and presentation of the 
data included in this paper. 


ag 
| 
3 
i 
f, | i 
| : 
} 
| 
] 
4 
| 


The possibility of supersonic flight in turbojet-powered 
aircraft is shown, and the resulting thrust requirements 
for the engine are estimated. The performance require- 
ments of a turbojet installation are considered from the 
point of view of an aerodynamicist. Afterburning, inlet- 
pressure recovery and drag, matching of inlet size and 
engine, and the effect of exit and cooling losses are con- 
sidered. Speed stability and jet problems are discussed 
briefly. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
Ao = free-stream tube area of air entering engine, sq ft 
A, = area of inlet scoop, sq ft 
Aj. = component of A; directed forward, sq ft 
Cy, = incremental scoop-drag coefficient, based upon area 
A;, and go 
—p 
Cy = pressure coefficient at inlet, eae 
q 
c, = specific heat of air at constant volume, Btu/Ib deg F 
D, = incremental scoop drag, Ib 
F, = engine gross thrust, lb 
W.Vo 


F, = engine net thrust, lb, F, = F, — 


L/D = lift-to-drag ratio 
velocity 


M = Mach number, ——— — 
velocity of sound 


velocity 


M. = ratio, —— 
velocity of sound at sonic section 


p = pressure, psf 
P, = stagnation or total pressure, psf 


1 
qo = free-stream dynamic pressure, psf, go = 2 poVo? 


= temperature, deg R 
T, = stagnation or total temperature, deg R 
“.) = airplane velocity, fps 
V>’ = velocity of air relative to airplane behind oblique 
shock, Fig. 12, fps 
V; jet velocity relative to airplane, fps 


= 

= gross airplane weight, Ib 
Wrsepp = weight of fuel plus power plant, lb 

= ratio of specific heats, taken as 1.40 

= angle of inclination of flow entering scoop 

= compressor adiabatic efficiency 
Aerodynamics Research Engineer, Douglas Aircraft Company, 
Ine. 

? Aerodynamics Engineer, Douglas Aircraft Company, Inc. 

Contributed by the Aviation and Gas Turbine Power Divisions, 
and presented at the Annual Meeting, New York, N. Y., November 
26-December 1, 1950, of Tue American Society oF MECHANICAL 
ENGINEERS. 
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™ = turbine adiabatic efficiency 
7, = nozzle adiabatic efficiency 
p = density, slugs per cu ft 

Subscripts: 

0 = free stream 

1 = scoop entrance 

2 = compressor entrance 

3 = compressor exit 

4 = turbine entrance 

5 = turbine exit 

6 = afterburner exit 

7 = nozzle exit 

Other symbols are defined where used. 


GENERAL CONSIDERATIONS 


In the 1! years which have passed since the first flight of an air- 
craft powered with a turbojet, that type of propulsion device has 
shown a marked superiority in high-speed flight operations. 
Turbojets have powered each of the airplanes which broke the 
world’s speed record during that time,’ and the latest such craft, 
the USAF F-86, is, in addition, in operational military use. 
These speed records have increased at a rapid rate, which, when 
extrapolated into the future, promise considerably greater speeds. 
Fig. 1 reviews the history of aircraft speed records, shows the pres- 
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ent superiority of the turbojet, and shows two recent predictions 
(1, 2)‘ for future speed possibilities. It is evident that there is at 
least hope that aircraft reeord speeds soon will be supersonic. 

The turbojet has been considered as a possible power plant for 
supersonic flight because of its present marked superiority for fast 


* Flights past the speed of sound in the X-1 are not recognized as 
official speed records by the FAI. Their regulations require the 
record-breaking airplane to take off from the ground and make a 
certain number of passes at low altitude before landing. 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper. 


) 
. 
= 
if 
: - 
Ab 
x 
a 
| 
4 
4 
. 
ty 
a 
= 
a 
a 
a 


376 TRANSACTIONS 


aircraft, and becwuse it is still in a primitive state of development 
thus offering great potentialities for improvement. Analyses of 
the technical aspects of propulsion systems for aircraft have sup- 
ported this view (3,4). There will, of course, be many aerody- 
namic problems associated with the turbojet installations in 
these future high-speed airplanes. The consideration of several 
of these problems is the purpose of this paper. The speed range 
to be discussed goes up to 2'/» times the speed of sound. 

Difficult technological problems must be solved to achieve use- 
ful supersonic flight. Of greatest concern here is the problem of 
the enormous power required to fly at those speeds. Even pres- 
ent-day aircraft can be considered to be large-output power sta- 
tions, since the engines of modern transport airplanes, for ex- 
ample, have a maximum total output near 15,000 hp. For such 
an airplane (with no increase in power-plant size and weight) to 
fly supersonically, the power required would be greater by a factor 
between 10 and 190. For any such increase in power, the result- 
ing engine weight and bulk would be hopelessly incompatible 
with that allotted in the airplane. Obviously, supersonic aircraft 
or their propelling devices, or both, must be greatly superior to 
those acceptable subsonically. Consideration of the powey re- 
quirements for supersonic airplanes will thus be important for 
both airplane and engine designers. 

The power required for flight is dependent on the airplane drag. 
The drag will be made up of the profile drag and the drag due to 
lift. Both parts of the drag must be low if the required power is 
to be kept down. — Further large improvement of the profile-drag 
cleanness at subsonic speeds is apt to be difficult. This was 
shown recently by data of E. J. Richards (5), rearranged and 
plotted in Fig. 2. As used by Richards, the profile-drag clean- 
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ness factor is defined as the ratio of the turbulent skin-friction 
drag of a flat plate at operating speed to the profile drag at oper- 
ating speed. The flat-plate chord is the same as the mean wing 
chord, while the flat-plate area is the gross wetted area. In that 
figure a ratio of 1 would be reached by an airplane with only drag 
due to skin friction at the wing's turbulent friction coefficient act- 
ing on all wetted areas,’ i.e., no aerodynamic interference, no 
boundary-layer separation, and no cooling or leakage drag, etc. 
It is felt that although the profile-drag cleanness factor may con- 
tinue to improve, for supersonic speeds it will do so starting at a 
new and lower level. This will be the result of large pressure 
drags associated with supersonic shock-wave systems which must 

* Values above | could be obtained by having laminar flow over 
portions of the wetted area, or by considering the reduction of fuse- 


lage friction coefficient from that of the wing. The latter effect 
results from the greater Reynolds number of the fuselage. 
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be added to the subsonic drags. These supersonic pressure 
drags can be large. Well-shaped fuselages, for example, will have 
a supersonic profile drag increase of at least 50 per cent, while 
wing-wave drag at zero lift may increase by an even greater frac- 
tion. These effects are shown in Fig. 2 for a hypothetical super- 
sonic airplane considered by Jones (6). It is suggested that the 
value shown may not be directly comparable since Jones’ main 
purpose was apparently to point out favorable aerodynamic 
shapes and hence his design is aerodynamically optimized 
largely from consideration of wing and fuselage drags. Thus no 
drag allowance was made for longitudinal stability and control, 
scoops, air conditioning, cooling, canopies, and other items which 
always make up a significant fraction of the profile drag. Fur- 
thermore, the minimum profile drag was used since that at oper- 
ating speed was not known. The value of the cleanness factor 
for the supersonic airplane therefore may be optimistic. 

The drag which varies with lift also inherently tends to be 
greater at supersonic speeds. The effect of this portion of the 
drag, when combined with that of the profile drag, is conveni- 
ently deseribed by the maximum lift-drag ratio. Values of that 
parameter generally representative of modern subsonic practice 
are shown in Fig. 3 and compared to Jones’ supersonic design. 
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A reduction in lift-drag ratio by about a factor of 2 is seen to re- 
sult from a comparison of Jones’ airplane at supersonic speeds to 
conventional airplanes at subsonic speeds. Consideration of the 
other drags (cooling, ete.) mentioned previously, as well’ as 
losses in induced-drag efficiency negleeted by Jones, may mike 
the factor approach 3 or even 4. 

This reduction in lift-drag ratio has important effects on the re- 
quirements for supersonic power plants: (a) Since the drag level 
is already seriously increased, the engine and its installation 
must contribute as little as possible to the resistance. (6) Since 
for level unaccelerated flight the lift L essentially equals the 
weight W, and the thrust F,, equals the drag D, one can say 


where Wy.pp is the w&ght of fuel and power plant. It is rea- 
sonable to expect that the fraction of gross weight allowed for fue! 
and power plant, (Wpspp/W), will not increase greatly super- 
sonically, if at all. Assuming it remains unchanged in magni- 
tude, it is seen that the power plant plus fuel weight to thrust 
ratio will be proportional to the lift-drag ratio. Hence the su- 
personic reduction by a factor of 3 or 4 in lift-drag ratio necessi- 
tates a similar change in power plant plus fuel weight-thrust ra- 
tio. If a further rough assumption is made that the fraction of 
weight allotted to fuel does not change, then it can be said that in 
order to make level supersonic flight possible, power plants must 
be made for supersonic speeds with 3 to 4 times more thrust per 
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pound of weight than is acceptable subsonically on conventional 
aircraft. 

While the design and development of sufficiently powerful but 
light and aerodynamically clean turbojets is without doubt the 
main goal to be reached in order to make economical supersonic 
flight possible, many other difficult problems also must be faced. 
The remainder of this paper is devoted to a consideration of sev- 
eral performance and operational problems, in particular those 
which fall into the fields of interest to the aerodynamicist. 


PreRPORMANCE CONSIDERATIONS 

The thrust actually developed by a turbojet engine installed in 
an airplane depends not only upon the engine design, but also 
upon the installation in the airframe. This is true at any air- 
plane speed, but the installation becomes increasingly important 
as the speed of the aircraft increases, as will be seen presently. 
The performance of the engine itself is of course greatly influenced 
by such design quantities as the compressor pressure ratio, the 
temperatures through the cycle, and the component performances 
and efficiencies. The matter of the optimum selection of the 
pressure ratio and temperatures, and the influence on these 
quantities and of the component efficiencies on the thrust and 
fuel consumption has been dealt with extensively in the literature 
(9), and will not be reviewed here. 

Afterburning, and the effect of aircraft speed on its desirabil- 
ity, is so crucial that it deserves some consideration here, al- 
though more complete studies have been made elsewhere (10). 
Peak combustion temperatures preceding the turbine are limited 
by metallurgical considerations, but it is possible to burn addi- 
tional fuel to obtain very high temperatures in an afterburner 
which follows the turbine. These high temperatures increase the 
jet exit velocity and, consequently, increase the gross thrust of 
the engine, which is detined as the product of jet velocity and the 
exit-gas flow rate. It may be shown that with an initial ratio of 
airplane to jet velocity of Vo/V,, an increase in gross thrust of an 
engine brought about by an increase in jet velocity gives rise to a 
net thrust increase given by the equation 


AF,/F, 1 
1 —(V/¥;) 


where all quantities are defined in the nomenclature. This 
relationship is plotted in Fig. 4 and shows that a given fractional 
gross thrust increase, AF,/F,, is accompanied by a larger frac- 
tional net thrust increase, AF’,/F,,, and that the amount of this 
net thrust increase is higher the higher the ratio Voe/V,. The ra- 
tio Vo/V, may be expressed in explicit form as a function of the 
variables Mo, (Pe/Pw), (Pe/Pe), Ne and Val- 
ues of Vo/V,; were calculated and are plotted in Fig. 5 for various 
assumed engine cvcle parameters as given in Table 1. 


TABLE 1 ENGINE CYCLE PARAMETERS 


Compressor Engine 
pressure temperature 
Engine ratio ratio Efficiencies 
A 5.0 5.0 0.80 
B 5.0 5.0 1.00 
Cc 5.0 4.0 0.80 
dD 16.0 5.0 0.80 


The data in Fig. 5 for the assumed engine A with pressure and 
temperature ratios of 5.0, and with assumed compressor, turbine, 
and nozzle efficiencies of 0.80, have been used to add a scale of air- 
plane Mach number to Fig. 4. It may be noted that a given frac- 
tional increase in gross thrust under static conditions will yield an 
equal fractional increase in net thrust, but at Mach number 2.0, for 
example, the fractional increase in net thrust is 4 times the as- 
sumed fractional gross thrust increase. Thus if an afterburner 


reaches a temperature that yields a 0.50 increase in thrust stati- 
cally, this increase in the thrust of the basic engine A is 2.00 (tri- 
pled thrust) at Mach number 2.0. It is evident that the high- 
speed airframe designer is anxious for even a small increase in af- 
terburner augmentation. 
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The engine design parameters, including the afterburner aug- 
mentation ratio, are beyond the control of the airframe designer, 
generally, once the selection of an engine has been made. There 
are several items that influence engine performance which are 
within the control of the airframe designer, and it is these items 
which are to be discussed here. The airframe designer is given 
an engine with certain performance capabilities under ideal con- 
ditions, and he must install it in an airframe to come as close as 
possible to realizing this ideal thrust. Losses are impossible to 
avoid, however, and it is proposed to discuss these losses, their 
magnitude, and their variations with airplane Mach number at 
some length. 
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Inlet Stagnation Pressure Losses. An inlet can adversely af- 
fect the thrust of a turbojet engine by losing an appreciable pro- 
portion of the isentropic stagnation pressure available. This 
loss in stagnation pressure comes about through frictional losses 
and, in the case of supersonic flows, shock losses. This pressure 
reduction affects the thrust in two distinct ways: (a) Since a com- 
pressor is essentially a constant-volume machine, reducing the 
pressure at the compressor face by inlet losses reduces the mass 
air-flow rate through the machine proportionally. (b) Reducing 
the compressor-inlet pressure lowers the pressure ahead of the 
exit nozzle, resulting in a lower jet exit velocity. An accurate 
method of evaluating the thrust loss due to inlet losses has been 
given (7) for an engine where all the details of the engine cycle are 
known. A derivation may be made along somewhat similar lines 
but with simplifying assumptions. These are sufficiently accu- 
rate for the present use and enable the following explicit expres- 
sion to be derived for the ratio of the fractional change in net 
thrust to the fractional loss in stagnation pressure 


where 


This equation assumes a constant ratio of specific heats, and 
neglects the fuel weight. Fig. 6 has been plotted from the fore- 
going equation for assumed engines with four assumed pressure 
ratios, temperature ratios, and efficiencies according to Table 1. 

The results are given for each engine with and without after- 
burner. The assumed afterburner gives a temperature ratio, 
T/T, of 9.0. From Fig. 6 it may be noted that for each of the 
engines, except C and D without afterburning, neither of which 
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(AF, varies only moderately with Mach number. 
Also, one may draw the conclusion that for the rather large 
spread of parameters selected in Table 1 there is only a relatively 
small variation in the loss ratio in Fig. 6 for the engines suitable 
for high-speed flight. Such spread as is observed in Fig. 6 indi- 
cates the following conclusions: 


(a) An engine with high component efficiencies suffers less 
thrust loss due to inlet loss, other things being equal. 

(b) An engine with high turbine-inlet temperature suffers less 
thrust loss due to inlet loss, other things being equal. 

(c) An engine with a very high pressure ratio suffers high thrust 
loss due to inlet loss, other things being equal (assuming no after- 
burner). 

(d) An engine with an afterburner suffers less thrust loss due to 
inlet loss, other things being equal. 


It may also be noted that the magnitude of the losses is such 
that a 1 per cent loss in total pressure at the compressor inlet 


( v il 
Pa \ 
causes, roughly, a 1'/2 per cent loss in engine thrust. 

In order to see the thrust-loss variation with airplane Mach 
number, an inlet has been assumed which has a total pressure loss 
of 0.05 of the stagnation pressure to an airplane Mach number of 
1.44, and at high Mach numbers has a loss equal to that of a nor- 
mal shock at the free-stream Mach number. Such an inlet suf- 
fers the fractional losses in stagnation pressure indicated in Fig. 7. 
Fig. 7 also shows the resulting fractional thrust loss for an engine 
having the thrust loss-inlet loss relationship indicated in Fig. 6 
for engine A with afterburning. For this case, the inlet causes a 
loss of 0.09 of the ideal thrust that would be available from a no- 
loss inlet at Mach number of 1.5, a fractional loss of 0.36 at My = 
2.0, and of 0.66 at a Mach number of 2.5. These losses are, of 
course, enormous at high speeds and illustrate that satisfactory 
inlets assume an ever-increasing importance for flight at high 
Mach numbers. An efficient inlet can very well spell the differ- 
ence between successful economic flight at supersonic speeds and 
the inability to reach these speeds. 

The losses in stagnation pressure in Fig. 7 apply to an inlet 
that is about average subsonically. The reason that the frac- 
tional loss in stagnation pressure is assumed constant rather than 
assuming a constant ram efficiency is that, with a fixed-area inlet, 
the mass-flow ratio of the inlet becomes more favorable with in- 
creasing airplane speed, thus improving the ram-recovery ratio. 
The normal shock inlet stagnation pressure losses assumed in Fig. 
7 can be reduced considerably by using one or more oblique 
shocks to decelerate the entering air before passing through a nor- 
mal shock. Many calculated and experimental results are availa- 
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ble on this type of inlet. Fig. 8 gives the results of theoretical 
calculations (11) for the type of inlet indicated. It may be noted 
that the loss in inlet stagnation pressure may be reduced very 
much by using two or more shocks instead of one. 

Most unclassified work done on supersonic inlets to date has 
been done with a view of applying the results to ramjets, and not 
from the point of view of a turbojet-equipped supersonic craft. 
There are two very serious difficulties which occur when one at- 
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tempts to use an inlet of the type shown in Fig. 8 on a turbojet- 
equipped aircraft. The first one is the matter of arrangement. 
A conical inlet as shown in Fig. 8 is suitable for a nacelle or 
a nose installation, either of which may be undesirable. The 
second difficulty is the matter of off-design operation. A ram- 
jet-equipped missile can be operated at constant or near-constant 
flight speed without seriously compromising the vehicle, whereas 
an airplane inlet geometry must be capable of functioning reasona- 
bly satisfactorily over a range of aircraft speeds from take-off to 
maximum. The compromises this requirement causes will be 
discussed in more detail shortly. Furthermore, if one did require 
a ramjet to operate efficiently over a range of speeds, satisfactory 
inlet operation could be arranged by using either fuel-flow control 
or an adjustable exit nozzle to keep the inlet shock positioned at or 
near the location for optimum inlet performance. On a turbojet- 
equipped aircraft on the other hand, both the fuel-flow and exit- 
nozzle settings are dictated by the requirement of keeping the en- 
gine performance optimum, and any adjustment to position the 
inlet shock system must come from a variable-inlet geometry. 


Inlet Incremental Scoop Drag. It has been shown how an inlet 
geometry can adversely affect the performance of a turbojet- 
equipped aircraft by decreasing the engine thrust, and how this 
loss becomes more important at higher speeds due to the high inlet 
losses. Another way an inlet can decrease aircraft performance is 
by increasing the drag. 

The net accelerating force along the flight path can be divided 
into a defined net thrust and into the resulting drag expression 
using the steady-state momentum equation (12). The vehicle 
considered is a general configuration with no special symmetry, 
and is indicated in Fig. 9. The figure may be interpreted as ap- 
plying to either subsonic or supersonic flow conditions. 

It can be shown (12) that at subsonic flight speeds the only drag 
forces that need be considered are those due to viscosity and lift, 
and that for a nonlifting fuselage in an inviscid fluid, there is no 
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drag force to be considered. The proof of this for a fuselage with 
an intake and exhaust opening is shown to be merely an extension 
of D’ Alembert’s paradox which states the drag of a closed nonlift- 
ing body in a perfect fluid is zero. It is important to note that 
this conclusion is entirely independent of conditions at the scoop 
entrance, and of the size of the scoop. A larger scoop merely 
causes the stagnation point, in Fig. 9, to move further inside the 
scoop and modifies the pressure distribution on the external sur- 
faces of the airplane, but the integrated pressure drag on the air- 
plane skin remains zero. 

At supersonic flight speeds it is no longer true that the drag of a 
closed nonlifting body in inviscid fluid is zero, and it follows that 
a pressure drag must be considered on the fuselage. In (12) the 
total momentum, pressure plus momentum flux, is integrated 
over the closed control surface (shown dotted in Fig. 9), to find an 
expression for the force acting on the airframe. It is found that 
in addition to the pressure integral over the exterior skin of the 
airplane, the difference in total momentum between the scoop in- 
let and engine exhaust must be taken. Since the engine thrust is 
defined as the difference in total momentum of the air entering 
the engine between the free-stream state and the eagine ex- 
haust, it follows that, in addition to the integrated pressure drag 
over the externa: airplane skin and the engine thrust, an addi- 
tional term giving the difference in total momentum between the 
scoop inlet and free stream must be added. This term is de- 
fined as incremental scoop drag, and is given by 


D, = 


The coefficient C,, is based on free-stream dynamic pressure and 
the forward projection of the inlet scoop area A,,, and is given by 


(, 
Cu = Cn (1B co 
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Fig. 10, from (12), gives the incremental scoop-drag coefficient as 
a function of the inlet mass-flow ratio. It may be noted that 
small mass-flow ratios, which mean that the amount of air aspi- 
rated by the engine is small relative to the size of the scoop, give 
large drag coefficients and large incremental scoop drags. This 
means that the scoop size relative to the engine-aspirating quali- 
ties affects the drag, and that an oversize scoop causes very large 
drags on a supersonic airplane. It will be shown that the required 
scoop size for an inlet will decrease with airplane Mach number, 
so that an adjustable inlet becomes almost a necessity for high- 
speed supersonic flight. 
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Effect of Airplane Speed on Inlet-Engine Matching. It has 
been shown how it is increasingly important that the inlet and en- 
gine be commensurate in size at supersonic airplane Mach num- 
bers. This section will demonstrate the principal factors in- 
volved, and how these factors indicatd some kind of adjustable 
inlet scoop becomes necessary for efficient high-speed flight. 

A turbojet has the approximate characteristic of being a con- 
stant-volume machine at fixed rotational speed. This relation- 
ship simply means that the velocity diagram of the flow at the in- 
let to the first compressor stage tends to remain constant at a 
fixed rotational speed. It follows that the weight-air-flow rate as- 
pirated by the engine is directly proportional to the stagnation 
density of the air at the compressor inlet. Based upon this as- 
sumption, Fig. 11 givesthe variation in air flow relative tothe sta- 
tic air flow as a function of airplane Mach number at a fixed 
altitude. This has been done, assuming zero inlet losses at 
subsonic flight speeds, and for inlets with three different super- 
sonic performances. The isentropic (zero loss) inlet gives the 
highest density of air at the compressor face and, consequently, 
the highest increase in engine air flow due to airplane speed. 
This inlet provides, at an airplane Mach number of 2.5, 7.6 times 
the air-flow encountered at static conditions. As a contrast, 
a normal shock inlet (geometry A) is considered which has the 
fractional loss in stagnation pressure below the isentropic in- 
dicated for a one-shock system in Fig. 8, and the same fractional 
loss in engine air flow relative to the isentropic inlet. This loss 
in air flow due to the normal shock is approximately 0.5 at Mo 
of 2.5. Intermediate between these two extremes, an inlet 
(geometry B) is considered which consists of a 10-deg wedge, 
causing an oblique shock and followed by a normal shock. The 
engine-aspirating characteristics for this case are indicated in 
Fig. 11 where sketches of geometries A and B are also given. 
Since an isentropic inlet demands an area which varies with 
airplane Mach number, and since the consequences of fixed 
inlet geometry are being considered, geometries A and B will be 
discussed in more detail. 

Consider geometry A. the inlet which has no oblique shocks. 
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Define as the “swept air-flow rate,” the product poVoA;. This 
product represents the rate at which air would pass through an 
area A, moved at velocity Voin the free stream. By dividing the 
swept air-flow rate by the engine air flow at static conditions, 
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the swept air-flow rate is given in units suitable for plotting in 
Fig. 11. The swept air-flow rate is seen to be linear with the 
airplane Mach number Mo, and the slope of the line in Fig. 11 
will be proportional to the scoop area. Now, if the swept air- 
flow rate is equal to the engine air-flow rate, then the stream tube 
approaching the inlet suffers no change in area, and the Mach 
number of the flow passing through area A, is equal to that of the 
free stream. Since the loss in the inlet duct increases rapidly 
with increasing Mach number at the inlet entrance, there is a 
lower limit to the allowable size of the inlet. If an inlet area A, 
is selected such that the swept air-flow rate curve crosses the 
engine-aspirated air-flow curve at an airplane Mach number of 0.6, 
then it insures that the Mach number entering the inlet is also 0.6 
at this airplane Mach number, and that the scoop-entrance Mach 
number M,, will decrease with increasing airplane Mach number 
approximately as shown in Fig. 12. 
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Having selected area A, on this basis, we may then examine 
the variation of the ratio of the engine-aspirated air to the swept 
air-flow rate as a function of airplane Mach number. This 
quantity, called the ‘‘mass-flow ratio,” has been computed 
from Fig. 11 and is plotted for geometry A in Fig. 12. It may 
be noted that the inlet mass-flow ratio is very large at low air- 
plane speeds, giving the type of streamline pattern sketched 
for My of 0.2. At an airplane Mach number of 0.6, the mass- 
flow ratio becomes unity, and the streamline pattern is as in- 
dicated. At supersonic Mach numbers the mass-flow ratio is 
nearly constant at 0.8. Under these conditions, 0.2 of the 
“swept air flow’ must spill around the inlet, giving rise to a flow 
pattern as indicated, and to the large incremental scoop drags 
mentioned in a previous section. 

Consider now an inlet with an oblique shock preceding the 
normal shock as indicated in Figs. 11 and 12, geometry B. The 
geometry chosen has a 10-deg wedge preceding the normal shock, 
This improves the inlet recovery, and results in the engine as- 
pirating more air at supersonic speeds than did geometry A. 
This comparison may be noted from Fig. 11 where each assumed 
inlet’s effect on the engine breathing capacities is given. 

As before, the swept air-flow rate is defined by poVoA;, and the 
ratio of engine-aspirated air-flow rate to swept air-flow rate, called 
mass-flow ratio, was computed. Since the swept air-flow rates 
are equal for the two assumed geometries (equal values of A, 
dictated by the limit on M,), it follows that the mass-flow ratio 
for the geometry B is higher at supersonic speeds since the engine 
aspirates more air with geometry B. Thus at an airplane Mach 
number of 2.5, inlet B has a mass-fiow ratio of 1.02. 

The inlet flow patterns corresponding to geometry B have been 
sketched in Fig. 12. It is particularly interesting to note that at 
a free-stream Mach number of 2.5, the mass-flow ratio is 1.02, 
and yet there is a normal shock ahead of the inlet, and some air 
spills around the inlet, causing an incremental scoop drag. At 
supersonic airplane speeds, unity mass-flow ratio loses its subsonic 
significance of parallel! entering streamlines, and a term is de- 
fined which has some of the significance of mass-flow ratio at 
subsonic speeds. This term is the “fraction of critical flow” and 
its meaning may be explained as follows: A “critical air flow” 
may be defined by the expression po’ Vo’A, cos 6,, where the den- 
sity and velocity are taken in the flow behind the oblique shock. 
Since the mass velocity pV is greater behind the oblique 
shock than in the free stream, it follows that this critical air flow is 
greater than the previously defined swept air-flow rate by the 
ratio, [(po'Vo')/(poVe)} cos 6:. The critical flow rate gets its name 
from the fact that this is the maximum air-flow rate that can enter 
the inlet, and that the air speed is supersonic at the inlet when 
this flow is entering. From this follows directly the definition 
of the fraction of critical air flow, as the ratio of the engine breath- 
ing air-flow rate to the critical flow rate. 

Fig. 11 shows the critical air flow derived from the swept air- 
flow rates by multiplying by the ratio of mass velocities, the 
latter calculated by means of charts for oblique shock flows 
(8). Fig. 12 gives the fraction of critical flow as a function of 
airplane Mach number for geometry B and also for geometry 
A (where the fraction of critical flow is identical to the mass- 
flow ratio). It may be noted that the fraction of critical flow 
is approximately 0.74 for geometry B, and is less than for geome- 
try A. The remaining 0.26 fraction of the critical flow must 
flow around the inlet lip, and gives rise to the stream pattern 
shown, Fig. 12, at Mach number of 2.5, and causes large incre- 
mental scoop drags similar to those in Fig. 10 for a mass-flow 
ratio of 1.02. 

It follows from the foregoing examples that in both inlets 
considered, a fixed area results in inlet areas that are undesirably 
high at high airplane Mach numbers, if the ditions of 


bly small take-off and low-speed inlet losses are to be met. 
It further follows that such undesirably large inlet areas at super- 
sonic speeds will cause high airplane supersonic drags, and that, 
therefore, some type of adjustable inlet is necessary. The types 
of adjustable inlets which may be considered are as diverse as 
the designer's ingenuity makes them, and will not be considered 
here. 

Outlet-Nozzle Installation and Cooling. As airplane speeds 
increase, the sensitivity of the airplane net thrust to losses in the 
exit nozzle also increases. This may be readily seen by reference 
to Fig. 4. A fractional reduction in velocity coefficient* reduces 
the gross thrust by the same fraction. The corresponding reduc- 
tion in net thrust may be read from Fig. 4, knowing the ratio 
of airplane to jet velocity, Vo/V,;. The added scale of airplane 
Mach number for engine A without afterburning applies as 
before. From Fig. 4 it may be noted that a nozzle velocity 
coefficient of 0.90 causes a loss in thrust of 0.10 at static conditions, 
but at an airplane Mach number of 2.0 this loss becomes 0.40. 
It is thus apparent that outlet-nozzle losses, just as inlet losses, 
become increasingly important at high speeds. 

The pressure ratio across the exit nozzle of a turbojet, ex- 
pressed as a fraction po/P:, decreases rapidly with airplane Mach 
number, Mo. This is due to the rise in pressure level through the 
engine caused by ram. Fig. 13 gives the pressure ratio across 
the exit nozzle for each of the engines previously considered. 
It may be noted that for engine A at static conditions the pressure 

tio across the exit nozzle is 0.41, while at an airplane Mach 
number of 2.5 this ratio becomes 0.075. Asa consequence of this 
great reduction in the fractional nozzle pressure ratio po/Pa, at 
high Mach numbers, and since the nozzle losses become more 
important at high airplane speeds, it has often been suggested 
that a convergent-divergent nozzle be used for high airplane 
speeds to reduce the losses in thrust attendant upon the incom- 
plete expansion of the nozzle (see Fig. 17). It has been pointed 
out recently (13) that provision of a convergent-divergent nozzle 
is desirable only if the losses due to incomplete expansion are 
greater than those that would occur in the diverging section of a 
nozzle. Fig. 14 gives the regions of velocity coefficient and pres- 
sure ratio where a divergent section to the nozzle is desirable 
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(13). It may be noted that for low fractional pressure ratios 
across the nozzle, and high velocity coefficients, a convergent- 
divergent nozzle becomes desirable. Thus, for the example of a 
nozzle at a pressure ratio of 0.075, if the velocity coefficient is 


* Velocity coefficient is defined as the following ratio: 
Velocity of gases leaving nozzle at certain pressure ratio and tempera- 
ture 


Velocity of gases leaving ideal frictionless nozzle at same pressure 
ratio and temperature 
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less than 0.90, more thrust could be achieved with a convergent 
than with a completely expanded nozzle. Fig. 14 assumes that 
the velocity voefficient is the same for the convergent section of a 
convergent nozzle, and for the completely expanded nozzle used 
for comparison. The validity of this assumption may be ques- 
tionable, but the trend is believed correct. 

Reliable data on nozzle velocity coefficients are sparse indeed, 
and such data as are available indicate a spread between very 
low values and values greater than unity. It would appear that 


a 
etka, | 
REGION OF GREATER 
aa} THRUST WITH — 
| INCOMPLETE 
XPANSION 
3 + 
REGION 
OF GREATER 
THRUST WITH — 
compere 


100 .98 .% .94 . 90 
VELOCITY 


Fic. 14 Divipinc Ling Between anv INcomPLeTe 
EXPANSION FoR Maximum Turvust 


some careful measurements on re Rye URL geometries would 
be desirable. 

The design of the exit nozzle of the pid is, of course, accom- 
plished by the engine designer. The problem of insuring 
adequate air to cool the external portions of the engine, 
and parts of the airplane structure in proximity to hot 
portions of the engine, has usually fallen to the airframe designer. 
Such cooling is often accomplished in flight by an air supply that 
utilizes ram due to flight speed. For ground and take-off 
cooling, the usual expedient is to have the air flow discharge into a 
shroud which surrounds the engine. This arrangement utilizes 
the main discharge from the engine as the motivating fluid 
to draw a flow through the cooling system by a “jet-pump” 
action. 

The minimum requirements of a desirable cooling system are 
that sufficient flow be provided at all airplane speeds, and that 
any resulting loss in thrust be as small as possible. Woefully 
little data are presently available on the effect of jet pumps on 
engine thrust. Statically when there is no ram, such few data 
as are available indicate that the pumping of the cooling flows re- 
quired (which may be as high as 0.05 times the engine air flow) 
causes losses in thrust of about this same magnitude (0.05 times 
the engine thrust) in some installations. Most designs on which 
information has been published utilize a fixed cooling configura- 
tion. That arrangement tends to give a cooling air flow which 
increases sharply with increasing flight speeds and ram. Such 
a flow increase, due to an increase in flight velocity, results in a 
compounded penalty since both the air flow and the velocity 
increase add to the cooling drag. Experience on reciprocating 
engines has indicated that cowl flaps are required to achieve 
adequate cooling with low drag over a large range of flight 
speeds. It would appear that some similar provision of variable 
geometry may become a necessity for high-speed turbcjet 
cooling. 


OPERATIONAL PROBLEMS 


Speed Stability. A well-known characteristic of present-day 
airplanes, particularly those powered by turbojets, is their lack 
of speed stability when flying at relatively low indicated speeds 
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(14). To the pilot, the difficulty appears as a wandering of the 
flight speed. This may become worse in supersonic flight. 
“Speed stability” is used in the sense that once the airplane is 
trimmed with fixed controls to hold a certain speed, there must 
be restoring forces which after a small disturbance in speed, will 
bring the speed back toward the trim value. Conventional 
subsonic airplanes equipped with reciprocating engines and 
propellers inherently have this characteristic in the cruising and 
high-speed regions since any increase in speed from the trim 
position results in an increased drag and a decreased thrust, both 
of which changes tend to reduce the speed. If the speed is re- 
duced below the trim value, there is a decrease in drag and an 
increase in thrust, which again accelerates the airplane back 
toward the trim speed. This situation is, in general, a satisfactory 
one, and it is noteworthy that special thrust regulators are not 
required. The power plant - propeller combination provides a 
stabilizing force by virtue of its characteristic of holding the 
product of speed and thrust essentially constant. Fig. 15 
shows this situation diagrammatically. 
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The characteristics of supersonic airplanes powered by turbo- 
jets are considerably different from those of propeller-driven 
aircraft. The thrust variation with speed is such that an increase 
in speed produces little, if any, decrease in thrust. Furthermore, 
when flying in the subsonic long-range cruising condition, the 
drag may not decrease at all below the cruising speed. An addi- 
tional possible source of difficulty may occur in approaches to 
landings where the pilots of present-day turbojet-powered air- 
craft have reported difficulty in establishing proper speed trim 
during instrument approaches. At supersonic speeds, in addi- 
tion, the drag curve roughly parallels the thrust curves for con- 
stant fuel-air ratio. Thus at both subsonic and supersonic 
speeds, it is believed that constant fuel-air ratio regulation will 
not be satisfactory. Curves demonstrating these conditions for 
the high-speed plane are shown in Fig. 16. 
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It is suggested that to meet the minimum requirements of a 
highly loaded supersonic airplane, thrust should be regulated 
approximately according to the following principles: 

(a) At subsonic speeds the product of the thrust and speed 
should stay constant. 

(b) At supersonic speeds a constant thrust might be adequate. 

Analytical studies and flight experience will be needed to 
verify these intuitively derived rules. It is understood, of course, 
that the regulation described is an automatic transient thrust 
variation. This should not be confused with the maximum 
thrust which remains controllable through the pilct’s throttle. 

Jet Interference. Many turbojet-powered airplanes have tail- 
pipe outlets ahead of the tail surfaces. Such an arrangement 
has several important advantages, but it also introduces preblems 
which may be of crucial importance in supersonic designs. 
Some of the problems arising in that arrangement are concerned 
with heating of the fuselage and tail, buffeting of fuselage and 
tail, and aerodynamic interference of the jet on the tail. A study 
of these problems might begin with an examination of the ex- 
haust jets alone. Unfortunately, the basic information needed 
to cope with all of these problems has not yet been obtained. 
Of aid is the recent review of the present state of knowledge on 
jets by Squire (15). Aspects of several jet problems not con- 
sidered in that paper will be discussed here. : 

There are several important characteristics displayed by jets. 
To help understand these phenomena, tests were made with two 
pairs of circular nozzles which were supplied from a nitrogen 
tank. Figs. 17 and 18,’ are Schlieren pictures taken when the 
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jets were exhausted with a fractional pressure ratio of '/, into 
quiescent air. Reference to Fig. 13 shows that ratio to corre- 
spond to flight near a Mach number of 2.0. Thus the external 
air flow is 1 ot properly simulated. Study of Fig. 17 reveals the 
following properties: 

(a) The jets expand toward ambient pressure with the usual 
wave pattern. 


* Figs. 17 and 18 were made by Drs. H. W. Liepmann and John 
Laufer at the Guggenheim Aeronautical Laboratory of the California 
Institute of Technology. 
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(6) The jets spread immediately on issuing from the nozzle. 
This is due to the incomplete expansion in the nozzle. 

(c) Additional spreading takes place in the jet-ambient air 
mixing region. 

(d) The jet axes are displaced outward by interference be- 
tween the jets. 

(e) The jets coalesce finally into one jet. 


This pair of les would approximate the actual geometry 
of an airplane installation only crudely, since no diameter change 
was made in the nozzle to simulate a jet pump. The effect 
of a step in the nozzle simulating a jet pump is seen in Fig. 18 
to be very important. With that configuration, the spreading 
is reduced and the interference is eliminated. 

The twin jets just discussed, when passing under tail surfaces, 
could introduce various interferences with the tail. One type is 
demonstrated in Fig. 19, where in a supersonic flow, an airfoil 
is placed behind and above the wake of another airfoil (16).* 
It is seen that the leading-edge shock of the tail intersects the 
wake, forms reflected and transmitted waves, and deflects the 
wake. To investigate this phenomenon for the tail-jet case a 
calculation was made for a two-dimensional] tail in a supersonic 
flow over a two-dimensional jet. The result obtained for that 
simple case indicated the effect of interference to be small, but 


Fig. 19 Intersection or SHock-Wave ann Wake 


possibly of significance. It seems likely that power-on wind- 
tunnel] tests would be needed to determine the importance of this 
effect. 


CONCLUSIONS 


The flight-speed trend was examined to show that supersonic 
airplanes with turbojet engines are to be expected soon. An 
analysis was made which showed that supersonic wave drags 
will cause an increase in drag near sonic speed and a thrust 
increase requirement for the turbojet. 

The performance requirements of a turbojet installation were 
considered from the point of view of an aerodynamicist whose 
task is to see that an installed turbojet engine develops as nearly 
as possible its idea) thrust. It was shown that the difficulty 
and importance of this task increased with airplane speed. 
Thus, at a Mach number of 2.5, a normal shock inlet lost 0.60 
of the thrust obtainable with an ideal inlet. The losses in the 
exit nozzle likewise assumed an increase in importance with 
higher airplane speeds. Whereas at subsonic speeds the inlet 
size was not very critical (providing a minimum size was ex- 

* The wake simulates the jets in the sense that both are regions 


in the flow passing the tail with velocities differing from the free- 
stream velocity. 
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ceeded), at supersonic speeds large drag increments, whose 
magnitude may be estimated, resulted from an oversize inlet. 
These scoop drags may be avoided by an adjustable inlet, 
and an analysis was made of the salient factors governing 
the matching of the inlet size and the engine. It was shown 
that the mass-flow ratio, the criterion used for subsonic speeds 
lost much of its significance at supersonic speeds. 

The ability of a supersonic turbojet-equipped airplane to 
stably hold a desired speed with a fixed throttle setting was com- 
pared to that of a subsonic propeller-equipped airplane, and it was 
indicated that careful consideration of the engine controls on a 
supersonic airplane was necessary to avoid the tendency toward 
instability created by the parallelism of the thrust and drag 
curves against speed. 

A discussion of jet interference was given, and several illus- 
trations of interference phenomena for supersonic jets were shown. 


BIBLIOGRAPHY 


1 “Predictions of Supersonic Airplane Performance,”’ by H. 
a Journal of the Aeronautical Sciences, vol. 17, January, 1950, 

p. 5-12. 

a “Developments in High-Speed Aircraft,” H. Heine- 
mann, Mechanical Eng ring, vol. 69, 1947, pp. - Ay By 

3 anos and Range of Application of Various Types of 
Aircraft-Propulsion Systems,’ Cleveland Laboratory Staff, NACA 
Technical Note 1349, August, 1947. 

4 “Performance Possibilities of the Turbojet System as a Power 
Plant for Supersonic Airplanes,"’ by G. P. Wood, NACA Research 
Memo. L7HOSa, August, 1947. 

5 “A Review of Aerodynamic Cleanness,"’ by E. J. Richards, 


TRANSACTIONS OF THE ASME 


MAY, 1951 


Journal of the Royal Aeronautical Society, vol. 54, March, 1950, 
pp. 137-172. 

6 “Estimated Lift-Drag Ratios at Supersonic Speed,” by R. T. 
Jones, NACA Technical Note 1350, July, 1947. 

7 “A Method of Presenting the Performance of Turbojet 
Engines,” by C. A. Meyer and H. F. Faught, Institute of the Aero- 
nautical Sciences Preprint No. 293, July 12-13, 1950. 

8 “Introduction to Aerodynamics of a Compressible Fluid,” by 
H. W. Liepmann and A. E. Puckett, John Wiley & Sons, Inc., New 
York, N. Y., 1947. 

9 “The Choice of Pressure Ratio in Aircraft Gas Turbine Power 
Plants,” by C. Richard Soderberg, Institute of the Aeronautical 
Sciences, Preprint No. 218. 

10 “Analysis of Turbojet Thrust Augmentation Cycles,” by 
B. T. Lundin, Institute of the Aeronautical Sciences, Preprint No. 
223, March 18, 1949. 

11 “Pressure Recovery for Missiles With Reaction Propulsion 
at High Supersonic Speeds,” by Kl. Oswatitsch, NACA Technical 
Memorandum 1140, June, 1947. 

12 “The Calculation of the Scoop Drag for a General Con- 
figuration in a Supersonic Stream,”” by Harold Klein, Douglas Air- 
craft Company Report SM-13744, April 12, 1950. 


13 “Increased Jet Thrust From Pressure Forces,”” by F. P. 


Durham, Journal of the Aeronautical Sciences, vol. 17, July, 1950, 
pp. 425-42 28. 

14 “A Test Pilot Looks at the Jets,” 
Aeronautical Engineering Review, 
33. 


by Capt. F. M. Trapnell, 
vol. 9, May, 1950, pp. 14-19 and 


15 “Jet Flow and Its Effect on Aircraft,” by H. B. Squire, 
Aircraft Engineering, vol. 22, March, 1950, pp. 62-67. 

16 “On the Reflection of Shock Waves From Boundary Layers,” 
by H. W. Liepmann, A. Roshko, and 8. Dhawan, Report submitted 
by Guggenheim Aeronautical Laboratory of the California In- 
stitute of Technology, to NACA under contract NAw-5631, 
August, 1949; being prepared for publication. 


= 
‘ 
' 
ts 
a 
: 


WALET TO 
JACKET (TYP) 


COOLART OUTLET HOT SKOWN 


MANIFOLD 


COOLING JACKET 


IMLET TO COMBUSTION 
( SECTION 


OUTLET NOT SHOWN 


Fim 
MANIFOLD 
INLET HOT SHOWN 


COMBUSTION CHAMBER 


SECTIONS 


Fie. 1 


Rime IMIECTOR 


Film COOLANT 


Fium COOLANT SPLIT MOTZLE CASE 
COOCLART 


Rocker Moron Wirn Secrionat Cooune Jacket Fitm-Coovant Insecrors ror Quantrrative Heat-TRANsrer 


ANALYSIS 


Heat Transfer in Rocket Motors and the 


Application of Film and Sweat Cooling 


By R. H. BODEN,' YPSILANTI, MICH. 


Heat transfer in rocket motors, as in all internal- 
combustion engines, is a major factor in determining the 
limiting performance of the power plant, and therefore 
establishes the limiting performance of the vehicle in 
which the motor is installed. This paper discusses the 
distribution of heat transfer in rocket motors, a number 
of factors which influence it, and finally, the experimental 
investigation of film cooling. 


INTRODUCTION 


EAT transfer within the combustion chamber of a rocket 
motor has been found to be low. As the mass flow of the 
gases increases it increases rapidly, reaching a peak value 

at the minimum throat-area section of the nozzle, then rapidly 
decreasing as the gases pass through the expansion section. How 
the distribution of heat transfer changes under varying operating 
conditions is a detailed and difficult study within itself. 

Among the factors which affect the studies we have made are 
convective and to a lesser extent radiation heat transfer within 
the motor. Their magnitudes are determined by the tempera- 
ture, physical properties, and mass flow per unit area of the gases 

! Supervisor of Combustion and Propulsion Activities, University 
of Michigan, Aeronautical Research Center, Willow Run Airport. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 26—-December 1, 1950, 
of THe American Society oF MecHanicaL ENGINEERS. 
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of the Society. Manuscript received at ASME Headquarters, 
August 23, 1950. Paper No. 50—A-53. 


in the combustion chamber. Metallic contaminants in the pro- 
pellants modify the chemical reactions taking place, resulting 
in greatly changed phenomena. The propellant-injector con- 
figuration establishes the nature of the resultant gas flow, further 
modifying the distribution of heat. As the hot gases leave the 
throat of the nozzle their expansion determines to some extent 
the heat transfer in the expansion section of the nozzle. Our 
problem is to control these factors within the limits which will al- 
low application of available materials to the construction of 
rocket motors with the minimum loss in performance. 

A definite limit exists which we can attain by design techniques 
and propellant selection in controlling the factors affecting heat 
transfer. A powerful method of supplementing them is to apply 
a liquid cooling film in the boundary layer between the high-veloc- 
ity combustion gases and the rocket-motor walls. Film cool- 
ing reduces the heat transfer up to 70 per cent. Proper control of 
operating conditions and propellants gains an additional 10 to 15 
per cent, an over-all reduction of between 80 and 85 per cent. 


EXPERIMENTAL METHODS AND EquipMENT 


Detailed analyses of the heat transfer within the combustion 
chamber and the nozzle of a rocket motor were necessary to un- 
derstand fully the phenomena taking place and to compare the 
effects of the factors controlling heat-transfer distribution both 
before and after application of film cooling. Therefore a sectional 
motor wae assembled, Fig. 1. The components were a multiori- 
fice propellant injector, individually cooled busti hambe 
sections, a number of ring injectors for film coolant, and a Venturi 
nozzle. The nominal chamber pressure was 300 psia. The 
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thrust was 1000 Ib at a mixture ratio of 2.8, when using 6'/; per 
cent red fuming nitric acid for the oxidizer and a mixed fuel con- 
taining 80 per cent aniline and 20 per cent furfuryl alcohol. 

The propellant injector had eight pairs of replaceable orifices 
and eight auxiliary orifices which directed fuel against the walls 
at the joint between the first and second combustion-chamber 
sections. Three orifice combinations, four-pair, eight-pair, and 
eight-pair with auxiliary fuel orifices, were obtained by using 
blank orifice inserts. The resultant propellant momentum was 
substantially parallel to the walls at the operating mixture ratio, 
2.8. 

Combustion-chamber sections were interchangeable. The 
inside diameter was 5 in., and a length of 2.9 in. was exposed 
to the combustion chamber. One test combustion-chamber 
section was built with a replaceable inner wall of porous metal. 
This replaced the section immediately adjacent to the nozzle. 
Porous-bronze and porous-copper liners were used. 

The film-coolant injectors fitted between any of the combus- 
tion-chamber sections and the nozzle. Four units were built and 
tested. One directed the coolant radially into the combustion 
chamber. A second, J-92, directed the coolant tangentially to the 
circumference of the combustion chamber. The other two were 
radial and tangential types but both had deflecting vanes as shown 
in Fig. 1, which directed the coolant downstream. 


Fic. 2) Nozzie ror Investication or Heat 
TRANSFER IN Rocket Morors 


The sectionally cooled nozzle, Fig. 2, had a split case and a re- 
placeable inner shell. Cooling passages were separated by cir- 
cumferential fins which fitted within mating grooves of the case. 
A longitudinal fin separated inlet and outlet passages. O-rings 
sealed between passages. Full expansion of the combustion- 
chamber gases into the atmosphere was attained for a chamber 
pressure of 330 psia. Therefore the experimental tests were con- 
ducted at this pressure. The thrust of the motor was then about 
1150 lb. 

A film-coolant manifold was built into this nozzle midway be- 
tween the entrance to the contraction section and the throat. 
Film-coolant holes were drilled in the replaceable inner shell as 
needed, 

The assembled motor was installed on a movable test stand so 
that the thrust could be measured, Fig. 3. Inlet lines, soiled to 
reduce restraint on the test stand, appear on the right of the il- 
lustration; thermocouple wells discharge cooling water at the 
left. 

During a test, thrust, chamber pressure. and propellant flow 
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Fic. 3) Seetronatty Cootep Rocket Motor on Test Stanp 


rates were measured. From these operating parameters, charac- 
teristic velocity, c*, average velocity, c, specific impulse, /,,, and 
the thrust coefficient, c,, were calculated. The chamber pres- 
sure and the propellant flow ratio were regulated automatically in 
order to obtain constant operating conditions. Heat-transfer 
data were obtained from records of the inlet and outlet tempera- 
tures and flow rates of the jacket coolant from each section of the 
motor. 


OPERATING PARAMETERS AND Heat TRANSFER 
The operating parameter, which is a measure of the efficiency 
of combustion of the propellants, is the characteristic velocity, c*. 
It has the dimensions of a velocity and is defined as 


c= fps 


in which 

p. = chamber pressure, psia 

Sf, = throat area, sq in. 

w = total weight rate of flow of propellants through injector, 
Ib per see 

4 second characteristic velocity, defined as c*’, is calculated 


from the total weight of fluids flowing through both the propel- 
lant injector and the film-coolart injector 


c*’ = 
w 
in which 
w’ = total weight rate of flow of propellants and film coolant, 


Ib per sec 
The average velocity, c, of the exhaust gases across the exit 
section of the nozzle is directly proportional to the thrust 


Fg 
fps 
w 
= e* 
in which 
F = motor thrust, lb 
c, = thrust coefficient 


The thrust coefficient, c,, is a nondimensional parameter which 
is a measure of the ability of the nozzle to convert the random 
thermal energy of the gases within the combustion chamber into 
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an ordered linear momentum which results in a directed thrust 

PeSi 
This parameter is substantially constant for a given nozzle and 
ratio of chamber pressure/atmospheric pressure over the range of 
mixture ratios investigated. 

The mixture ratio, r, is defined as the ratio of the weight rate of 
flow of the oxidizer/weight rate of flow of fuel. 

The specific impulse, J.), is the thrust obtained per unit weight 
of propellants consumed. The dimensions are those of a time 
which is the period for which the rocket motor will produce its 
rated thrust from a weight of propellants equal to the rated thrust 


cy 


-, see 


le = - 
w 


c 


Detailed discussions of these parameters are beyond the scope 
of this paper. Excellent accounts of their derivation are given in 
the references. 

The heat transfer, g, Btu/in.*/sec, was calculated from bulk 
temperatures, flow rates, and specific heats of the jacket coolant 
and the area of the combustion-chamber wall exposed to the hot 
gases 


At, — ti 
q= we Buu/in.*/see 


coolant flow rate, |b per sec 
inlet bulk temperature of coolant, deg F 
outlet bulk temperature of coolant, deg F 
wall area exposed to hot gases, in aq in. 
specific heat of coolant, Btu/Ib /deg F 
hy 


Heat flow between cooling jackets of the er 
sections was minimized by nonconducting asbestos-fiber gaskets 
between them. In the nozzle, Fig. 2, heat flow across the cir- 
cumferential fins between cooling-jacket sections was minimized 
by controlling the coolant flow to obtain the least possible tem- 
perature difference between the coolants on each side of the fins. 
Heat transfer from the fins to the coolant was small in comparison 
to that through the motor walls. 


Heat TRANSFER AND Facrors ArrectineG It 


The first step in this research program was to determine as ac- 
curately as possible the heat transfer along the length of the rocket 
motor, Fig. 4. This figure shows the average heat transfer over 
each section of the motor. No film coolant was used, the injector 
being replaced by a blank ring. The heat-transfer bar graph in- 
dicated by the dashed lines shows what can be expected with a 
good commercial grade of red fuming nitric acid. Along the 
combustion chamber '/; Btu/in.*/sec is a fair average value. As 
the gases enter the nozzle their velocities increase with a corre- 
sponding increase in the heat transfer. As they travel into the 
nozzle the rate of change of heat transfer increases very rapidly, 
reaching a maximum value just upstream of the minimum throat- 
area section. After passing through the throat, the heat trans- 
fer decreases at a relatively rapid rate. 

One of the first anomalies which we detected was the wide varia- 
tion in heat transfer with acid density and ambient temperature. 
Fresh acid always produced low heat transfer. As it aged, dis- 
solving Fe, Cr, and Ni from the shipping containers, its density in- 
creased. The motor performance shifted to lower values and the 
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TABLE 1 COMPOSITION OF RED FUMING NITRIC ACID 


——Weight per cent of t 
Fe(NOs)s Cr(NOs)s Ni(NO;) 


0.92 0.50 0.04 
1.36 


HEAT = BEC. 


Te. 
MOTOR LENOTH, INCHES 


4 Evrect or Acip Composrmion on Heat-Transrer Ds - 
TRIBUTION IN Acip-ANILINE Rocket Motor 


heat transfer increased remarkably. These effects reached max- 
ima for acid densities in the range from 1.59-1.60, then decrease! 
again as the density increased further. Typical analysis of the 
red fuming nitric acid for a range of oxidizer densities is summa- 
rized in Table 1. The results summarized in Fig. 4 for three dif- 
ferent acid densities indicate that the plane of maximum heat 
transfer is also shifted a short distance toward the throat. A 50 
per cent increase in heat transfer can be anticipated from the 
presence of Fe, Cr, and Ni in the oxidizer. 

A second factor which greatly affected the heat transfer was 
the operating mixture ratio. The theoretical combustion-cham- 
ber temperature increases rapidly from 3200 F (2000 K) for a pro- 
pellant mixture ratio of 2.0 to approximately 5120 F (3100 K) 
over the range from 2.8-3.4. This change is reflected in the heat- 
transfer curves which are summarized in Fig. 5. The heat trans- 
fer increases at a steady rate at the lower mixture ratios over al) 
sections of the motor. Over the range of mixture ratios for which 
maximum motor performance is obtained, a sharp i in the 
rate occurs, particularly in those sections of the rocket motor which 
are in the neighborhood of the throat. The characteristic velo- 
city, c*, calculated from the propellant consumption, is also 
plotted in Fig. 5. The characteristic velocity c*’ is calculated 
from the total flow rate of propellant and film coolant. A con- 
stant flow of film coolant was used for these tests in order to mini- 
mize chances of burning out the nozzle. From these data it is 
clear that the heat-transfer problems encountered in normal 
rocket-motor operation can be diminished with insignificant loss 
in performance by designing for a mixture ratio slightly lower 
than that for maximum motor performance. 

A third factor which greatly affects the heat-transfer rates in 
the rocket motor is the propellant-injector dusign. The heat- 
transfer data in Fig. 6 were obtained under the same operating 
conditions. The solid curve summarizes the results for a four- 
pair injector; the corresponding heat transfer for an eight-pair 
unit is shown by the dotted line. A major difference is apparent 
in the bustion-chamber sections of the motor and at the 
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Fia, 6 Comparative Hear Transrer From Muvttioririce 
INJECTORS 


throat. The differences are not entirely attributable to the in- 
jector since there was some variation in the oxidizer composition 
between tests. 

Two minor factors affected the test results. In the combus- 
tion chamber the resultant momentum of the propellant streams 
increased the heat transfer if it was directed toward the combus- 
tion-chamber walls. In the expansion section of the nozzle the 
heat transfer was somewhat greater for overexpansion of the 
combustion gases than for underexpansion. These are minor ef- 
fects and can be handled effectively by proper design. 

The preliminary data which have been presented indicate 
clearly that the major region of attack is the throat section of the 
nozzle in which the maximum heat transfer can reach values be- 
tween 4 and 5 Btu per sq in. per sec. Full account must be made 
of the propellant-injector design, and the possibilities of contami- 
nation of the propellants. 


Fitm aNo Sweat Coo.inG 
Since the region of maximum heat transfer in rocket motors 
occurs in the throat, the problem of cooling this section was at- 
tacked first. Film-coolant injectors were fitted at the entrance 


MIXTURE RATIO. r 


Variation or Heat TrRansrer Rocxet-Moror Nozzie Wits Ratio 
(Chamber pressure 329 psi; film coolant 0.298 lb HsO/sec.) 


2.6 2.8 3.0 362 3.4 


to the contraction section of the nozzle, and at a plane midway be- 
tween the entrance and the throat. 

The heat-transfer data which we are about to discuss was ob- 
tained in all cases using water for the film and sweat coolant. 
The rocket motor was operated at a chamber pressure of 330 psia 
to obtain full expansion in the nozzle. Mixture ratios were main? 
tained within the range 2.8-3 because heat transfer is little af- 
fected from changes within these limits. 

The least effective method of film cooling was by radial injec- 
tion at the entrance to the nozzle. A reduction of less than 20 
per cent at the throat was obtained. Directing the coolant 
along the walls proved several times more efficient. Flow along 
the walls was accomplished by injecting the coolant tangentially 
to the circumference of the combustion chamber and by de- 
flecting the flow with a thin annular ring. 

Heat-transfer curves for the nozzle sections adjacent to the 
throat are given in Fig. 7. In this case the film-coolant injector 
was a deflector type as shown in Fig. 1. Coolant was injected ra- 
dially against the deflector. An unexpected result was the in- 
crease of heat transfer for flow rates between 0 and 0.1 lb per sec. 
The oxidizer used in these tests had a specific gravity of 1.62, in- 
dicating a large amount of Fe, Cr, and Ni in solution. The 
maxima occurred in all tests with contaminated acid and are 
believed to result from the presence of the metallic materials. The 
heat transferred rapidly decreased with flows greater than 0.15 Ib 
per sec, and little was gained by injecting more than 0.6 lb per sec. 
The greatest reduction was obtained in those sections for which 
the mass flow of combustion gases per unit cross-sectional area 
was greatest. At the throat with 0.6 lb of water per sec the reduc- 
tion is from 70 to 75 per cent of the value with no film coolant. 

The effect on motor performance was small. An increase oc- 
curred at low flows, then it decreased again to substantially the 
same value for no film coolant. 

The film-cooling method which we have just discussed dealt 
with an injector which delivered discrete streams of water into 
the combustion chamber after being spread in a fairly uniform 
layer by a deflecting ring. By injecting coolant through a por- 
ous-metal wall a continuous film was satisfactorily developed 
over the entire inner surface of the combustion chamber. Two 
advantages result. The porous metal wall is satisfactorily cooled 
and the heat transfer is controlled below the porous section by ex- 
cess coolant. 

Preliminary tests on the sectionally cooled rocket motor were re- 
cently completed with distilled water as the sweat coolant. The 
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Ue 
im Goolam, 10/sec. 


Heat Transrer in Nozzie Wits Firm 


(6) Assembly 


Fic. 8 Sweat-Coo_ep Comsustion Section ror 1000-Ls-Tarust 
Rocket Moror 


— 


Reat Transfer, BTU/in.? sec. 


Fic. 9 Repvction or Heat Transrer Firm Coo.ant 
Insecteo THrover Porovus-Coprer CoMBUSsTION-CHAMBER SECTION 
at ENTRANCE TO ConTRACTION SecTION or Nozz_e 


combustion-chamber section i diately adj t to the nozzle 
was replaced by a porous-metal section which is shown in Fig. 8. 
The liners were of copper and bronze having a porosity of approxi- 
mately 50 per cent. They were arbitrarily made '/, in. thick for 
the first tests. The inside diameter was the same as the other 
combustion-chamber sections, A length of 2*/s in. was exposed 
to the combustion chamber. Thermocouples were inserted at 
four points, equally spaced, on the inner surface of the liners. 

The temperatures measured within the porous metals indicated 
large temperature gradients. These resulted because of nonuni- 
form flow in the liners, nonuniform flow and temperatures of the 
gases in the combustion chamber and probably variations in the 
porosity of the metal. Temperature rise did not exceed 193 deg 
F at the lowest flow rate, 0.11 Ib per sec. The minimum change 
was 48 deg F for 0.51 Ib per sec of coolant. No serious plugging 
occurred during the tests which lasted 2'/, min. The copper 
liner cracked at the thermocouple wells. The bronze liner with- 
stood two tests without damage and suffered a reduction in poros- 
ity of approximately 30 per cent. 

Effective cooling persisted through the nozzle from the sweat 
coolant. The heat transfers, Fig. 9, for coolant flows of 0.11 and 
0.4 lb per see were obtained with the porous-copper liner, and for 
flows of 0.30 and 0.51 Ib per sec were obtained with the bronze 
liner. Propellants had very little metallic contamination; there- 
fore heat-transfer values were low with no coolant. The decrease 
in heat transfer observed was of the same order of magnitude as 
those which were observed from the other types of film-coolant in- 
jectors with the exception of the radial-type unit having no de- 
flector ring. The maximum heat-transfer reduction observed was 
60 per cent. 

Comparative heat transfers at the throat section of the motor 
are summarized in Fig. 10. The greatest heat transfer resulted 
when a high-specific-gravity oxidizer was used and the propellant 
injector was fitted with a set of auxiliary fuel orifices. When the 
red fuming nitric acid contained only small amounts of metallic 
contaminants, the magnitude of the decrease in heat transfer with 
film-coolant flow was substantially the same for all types of film- 
coolant injectors which spread a uniform film over the motor 
walls. The greatest reduction for the least film coolant was ob- 
tained with the film-cooled nozzle. 

The film-cooled nozzle injected coolant in a region where the 
rate of chang? of heat transfer was increasing rapidly. The cool- 
ant. was injected radially. Nevertheless, this nozzle required the 
least coolant flow to obtain the maximum cooling effect, and 
reached the lowest heat-transfer rate of all the methods applied. 
For coolant rates greater than 0.35 Ib per sec, the heat-transfer 
rate stabilized at a constant value 26.5 per cent of that reached 
with no coolant. 
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The effect of the film coolant persisted through the throat of 
the nozzle. Photographs of the coolant traces are shown in Fig. 
ll. It is evident from the photographs that additional film-cool- 
ant holes would result in full coverage of the throat and in fur- 
ther reduction of heat transfer. 

Comparison of the data, summarized in Figs. 9 and 10, shows 
that injecting a uniform film of coolant by the methods described 
or by means of a porous-metal section are equally effective in re- 
ducing heat transfer downstream of the injectors. In all cases a 
50 per cent reduction in heat transfer can be accomplished with 
0.021 lb of cooling water per linear inch of injector circumference. 


CONCLUSION 


The brief survey of this experimental investigation of film and 
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sweat cooling clearly indicates the effectiveness of these methods 
of cooling, particularly when applied in those regions of the motor 
where the rate of change of heat transfer is increasing rapidly. 
For the motor under discussion maximum cooling effect was 
achieved with 5 per cent of the total weight of propellant used. 
This percentage will change with the size of the motor approxi- 
mately in proportion to the square root of the thrust ratios. 
Therefore '/, per cent of the total propellant weight is sufficient 
coolant for a 100,000-Ib-thrust motor, a small cost for the results 
gained. 

Other data which we have obtained lead us to believe that fuel 
and water are equally effective in accomplishing film cooling. 
Therefore incorporation of special tanks and supply systems is 
unnecessary in a vehicle. Much research remains to be done in 
this regard, particularly correlating the cooling effects of the many 
different propellants with their physical and chemical properties. 
These detailed analyses, and a number of others, are now in proc- 
ess from which we shall gain a clear insight into the many phenom- 
ena involved. 


Coo.ant Traces on Fitm-Coo.tep Nozzie 
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Centrifugally Cast Bronze-Back Bearings for 
Heavy-Duty Operation 


By L. M. TICHVINSKY,' BERKELEY, CALIF. 


The art of centrifugally casting bronze-backed bearings 
for use in heavy-duty Diesel engines is only 4 to 5 years old 
and was introduced by the United States Navy at the end 
of the last war. Steel-backed bearing material will with- 
stand any actually applied loads in operation without 
permanent deformation, because of adequate physical 
properties. However, sand-cast bronze-backed bearings 
did not operate satisfactorily when subjected to high cyclic 
loads. The introduction of centrifugally cast bronze for 
that purpose made it possible to use successfully bronze- 
backed bearings for heavy-duty application. This paper 
describes the performance and the salient points of manu- 
facture of centrifugally cast bronze-backed bearings. 
Comparison of the sand-cast and of centrifugally cast 
bronzes are discussed and the advantages of the latter are 
mentioned. Methods of rational casting of bearing-back- 
bronze material are also discussed in detail and steps for 
the improvement of their physical properties are indicated. 


INTRODUCTION 
"| wa paper describes briefly the occurrences of bronze- 


backed bearing failures due to the inherent weakness of the 
sand-east bronze material. Pertinent’ high points of 
centrifugal-casting technique of heavy-duty Diesel-engine bronze 
bearings are mentioned and comparison is mace of the physical 
properties of these two materials. It is shown that centrifugally 
cast bronze is considerably superior to the sand-cast bronze be- 
cause of fine and homogeneous grain structure which results in 
high physical properties. This permits its use in heavy-duty 
bearing applications. 
The paper also indicates a number of improvements in the cast- 
ing technique which will make the manufacture of such bearings 
more rational and economical. 


Operation or Heavy-Duty BEARINGS 


Connecting-rod bearings of modern Diesel engines operate 
under heavy-duty conditions because of high cyclic loads, pro- 
ducing sometimes pressures in excess of 3000 psi on the bearing 
projected area (1, 2, 3). The loading of such bearings depends 
upon the interrelation of all acting forces which are plotted in 
Fig. 1, showing diagrammatically an elementary crank mecha- 
nism. It is seen that there are three sources of loading, as follows: 


F, = force due to gas pressure 

Free = inertia force of the reciprocating masses 

Fen = centrifugal force due to rotating masses 

: Professor of Mechanical Engineering, University of California 
Mem. ASME. 

? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting, New York, N. Y., November 26—December 
1, 1950, of Tae American Society or Mecuanicat ENGINEERS. 

Nore: Statements and opinions por ny in papers are to be 
understood as individual exp of their auth and not those 
of the Society. Manuscript received at ASME Headquarters, 
September 18, 1950. Paper No. 50—A-106. 


The sketch in Fig. 1 is for a two-cycle engine, and the three 
forces given are for the 45-deg position of the crank. It is 
realized that the first two forces, the gas and the inertia forces, 
vary, whereas the third force, the centrifugal, remains constant 
for any operating speed. The vectorial summation of these three 
forces for the 45-deg position is indicated by Fre. The inter- 
relation of these forces for all positions of the crank is of great 
importance because it is possible to determine the maximum 
resultant force, or perhaps several resultant forces of high magni- 
tude, together with their directions; the latter indicates at what 
position of the upper or of the lower bearing shell the high- 
intensity forces are acting. 

The gas force in an internal-combustion engine depends on the 
compression ratio and, of course, on the position ef the piston; 
this force reaches its maximum value near the end of the compres- 
sion and the beginning of the expansion strokes, usually a few 
degrees past the top dead center. The gas force acts downward 
and is directly transmitted by the connecting rod to its bearing. 
(The force along the connecting rod is equal to the gas force act- 
ing downward, divided by the cosine of the angle formed by the 
vertical and the connecting-rod center line.) 

The inertia ferce is equal to the mass of the reciprocating parts 
times the acceleration; therefore this force depends on the speed 
of rotation of the crank and the //r ratio (where / is the length 
of the connecting rod and r is crank radius). This force is largest 
where the piston speed is zero, i.e., at the top and bottom dead 
centers. At the beginning of the power stroke the inertia force 
is acting opposite to the gas force; then it gradually diminishes 
and slightly before one half of the stroke, it changes sign and acts 
in the same direction as the gas force, increasing numerically 
toward the bottom dead center. The mass of the reciprocating 
parts is usually composed of the following weights: Piston, 
piston pin and bushing, compression and oil rings, and one third 
of the connecting rod. 

The centrifugal forces are equal to the mass of the rotating 
parts times the angular acceleration and are, therefore, different 
for the main and the connecting-rod bearings. These forces for 
the connecting rod depend on the weights of the two connecting- 
rod bearings and two thirds of the connecting-rod weight. This 
force acts radially along the crankshaft crank and is constant for a 
given engine speed. 

All these three types of forces may be computed by the use of 
formulas indicated in Fig. 1. It is evident from this figure that 
the resultant connecting-rod-bearing force will be obtained by 
geometrical summation of the centrifugal force, as one component, 
with the sum of the gas and inertia force as the other compon- 
ent. The resultant force so obtained is defined as to its magnitude 
and its direction; besides, the position of the crank angle at these 
conditions is also known (45 deg for the case shown in Fig. 1). 
The procedure of so evaluating the connecting-rod-bearing result- 
ant force is repeated for all positions of the erank at intervals of 
10 or 15 deg. One revolution (or 360 deg) is considered for a two- 
cycle engine and 2 revolutions (or 720 deg) for a four-cycle engine. 
If the resultant forces so constructed were indicated as vectors 
acting at the bearing center, and if their end points were con- 
nected, a polar diagram of the bearing loads would be obtained. 
Such a polar diagram indicates at a glance the magnitude of the 
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— FORCE DUE TO GAS PRESSURE, LB. 
— FORCE DUE TO RECIPROCATING MASSES , LB. 
— FORGE DUE TO ROTATING MASSES , LB. 
—GAS PRESSURE, PSI. 
d -PISTON DIAMETER , IN. 
RECIPROCATING MASSES LB. SEC’ PER IN. 
& -ACCELERATION IN PER SEC 
Magy ROTATING MASSES. LB. SEC" PER IN. 
 —PERIPHERAL VELOCITY, IN. PER SEC.- 
—RADIUS OF CRANK, IN. 


Fig. 1 Forces on Connectinc-Rop Bearine at 45-Dec Crank ANGLE 
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load at any position of the upper or of the lower bearing half, 
together with the respective crank angle. Thus Fig. 2 shows a 
polar diagram constructed for a heavy-duty two-cycle Diesel 
engine operating at 750 rpm. It is interesting to note (this may 
be easily understood by following the procedure of constructing a 
polar diagram with the help of the sketch shown in Fig. 1) that 
slight decrease in engine speed might increase the bearing load. 
Two such conditions are indicated by dotted lines in Fig. 2. (4). 
Fig. 2 at once shows the high magnitude of a nearly vertical 
foree which acts downward and which imposes high stresses on the 
upper shell of the connecting-rod bearing. The peak force at the 
rated speed of 750 rpm is close to 50,000 Ib which results in a 
pressure of approximately 3000 psi on the bearing projected area. 
Such excessive loading caused bearing failures of bronze-backed 
bearings. A typical example of such failure is represented in 
Fig. 3 where extrusion of the weak bronze back into the con- 
necting-rod oilhole took place (1,4). No similar failure occurred 
when steel-backed bearings were used, because of the high modulus 
of elasticity of the stee! back. Attention was then directed to 
the improvement of standard bearing bronze which is highly 
desirable as a bearing-back material because of easy machining 
(no grinding is necessary of the OD) and because of easy long- 


EFFECT OF EXTRUSION ( EXAGERATED), | 


ACTUAL LOSS OF 
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term storage (no corrosion of the bronze back). A marked im- 
provement was achieved by casting bronze bearing shells centrifu- 
gally instead of using the old method of sand casting. Because 
of this, centrifugally cast bronze-back bearings may be used 
successfully for all encountered heavy-duty applications. 


Mersops or Bronze Bearinc SHELLS 


Most of the Diesel-engine bearings with bronze backs are manu- 
factured with the Navy ““M” bronze (U. 8. Navy 46B8, Federal 
QQ-B-691a, Composition 1). Other bronzes such as SAE 65 
and SAE 620 are sometimes also used. Chemical and physical 
properties of these three bronzes are tabulated in Fig. 4. Hard- 
ness for centrifugally cast bronzes for bearing backs should be 
minimum 55 Bhn (500 kg) for Navy “M”’ and minimum 35 Rock- 
well number for SAE 65 and SAE 620. Different hardness scales 
are used on account of different characters of these bronzes, the 
SAE 65 and SAE 620 being solid solutions, while the Navy “M”’ is 
an alloy where lead might be locally segregated. 

Because of special requirements imposed by the heavy-duty 
performance, new specifications have been prepared which in- 
clude progressive tests made at different predetermined stations 
during the centrifugal-casting process as well as during the manu- 
facture of bearings. For example, it is required to break some 
castings and a few unfinished and finished bearing halves in order 
to ascertain by visual examination the soundness of the bronze. 

Centrifugal castings may be spun on vertical, horizontal, and 
inclined casting machines (5, 6). A casting for one bearing shell 
(for two bearing halves) can be obtained on a vertical machine, 
such as shown in Fig. 5,* while a casting for several bearing shells 
may be obtained on a horizontal machine, such as shown in Fig. 
6.4 Such and similar centrifugal-casting machines were used 
successfully for manufacturing large numbers of castings varying 
in sizes from approximately 4 in. OD, to approximately 12 in. 
OD. 

A good and sound casting will be obtained when such variables 
as spinning speeds, casting temperatures, rate and amount of 
pour are determined properly (2, 7). Besides, experience may 
indicate the desirability of different methods in line with personal 
experience which may vary considerably. In addition to these 
obvious methods of casting bearing shells satisfactorily, it became 


* The illustration was supplied by Mr. G. W. Bingham of the 
Centrifugal Machine and Engineering Company, Kalamazoo, Mich. 

* The illustration was supplied by Mr. Nathan Janco of the Cen- 
trifugal Casting Machine Company, Tulsa, Okla. 


Pb 


Fe 
Max 


TENS. STRGTH 
wax PSI 


NAVY M 1-2 


0.15 


1.0 34,000 


SAE 65 


0.15 


TR 35,000 


SAE 620 3-5 0.3 


O15 


40,000 


* TOTAL LEAD, ZINC, NICKEL 1.0% MAX 
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imperative to d the t of jwaste material usually 
formed on the inside of a centrifugally cast shell, and to select 
long-life mold materials. 

[ATypical molds or dies for centrifugally casting bronze bearing 
shells may be of the type shown in Fig. 7. Dies mounted on 
vertical machines are made of suitable high-grade steel or of 
special cast-alloy materials. The molten bronze is poured ver- 
tically and is held in the mold by a clamped cover. Sometimes 
permanent carbon molds are used in horizontal machines; such 
molds are inserted into the spinning tubé and the molten bronze 
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is held by two side covers provided with orifices for side pouring 
Fig. 7. 

The required periodical tests of centrifugally cast bronze shells 
chosen at random from one or two heats consist of visual examina- 
tion of the fracture. The examination of the fracture may indi- 
cate such easily detectable defects as axial stratification, coarse 
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CHEMICAL 
ANALYSIS 


3 FRACTURE TEST 


Fic. 8 Test or Cenrrirucatty Cast Bronze Bearine SHELL 


. 


Sand cast 


Fic. 9 or SAND AND CENTRIFUGALLY Cast Bronze; Cast at 2150 F; SAE 620 
Bronze; X 100 


and heterogeneous structure, excessive porosity, especially on the 
inside diameter, and radial gas holes, which are frequently on 
the outside diameter of the casting. If these defects are found 
and are beyond prescribed limits, all castings from the correspond- 
ing heat are rejected. Castings which reveal positive fracture test 
are then tested further for chemical composition and for physical 
properties. If all these tests are positive, i.e., the centrifugal 
casting meets the required specifications, all the shells of the 
representative heats are released for manufacture of bearings. 
The method for these tests is as follows: A blank for the physi- 
cal test is cut from a casting which was selected for the fracture 
test. The fracture test is then made and, if positive, chips are 
secured for the chemical test and a test specimen machined from 
the blank. This procedure is schematically represented in Fig. 8. 
Since many centrifugal castings are short, subsize test speci- 
mens are used for the determination of the tensile strength and the 
elongation, Fig. 4.5 
The advantages of centrifugally cast bearing-back bronzes over 
similar ones cast in sand (static casting) are numerous. It has 
* General Specifications for Inspection of Material. Appendix 
II, Metals, Part A. Issued by the Navy Department, June 1, 1941. 


been shown that for the case of the widely used Navy ‘‘M” bronze, 
the tensile strength of a centrifugal casting is 17.7 per cent above 
that of the sand casting; similarly, the per cent of elongation 
increase amounted to 54 per cent (2,7). Satisfactory centrifu- 
gally cast bronzes should have fine grain size and their structure 
must be homogeneous, without any sign of porosity. Localized 
porosity is practically always encountered in sand-cast bearing 
bronze; it is of interest to note that hydraulic test will show 
positive results of such sand-cast bronze which may contain a 
considerable amount of widely dispersed porosity. It can be 
stated that superior quality of centrifugally cast bronze is almost 
entirely due to controlled rapid solidification, which is an integral 
part of the centrifugal method of casting. The two photomicro- 
graphs taken at X 100 and shown in Fig. 9, reveal the marked dif- 
ference between the coarse structure of the sand-cast bronze and 
the fine and homogeneous structure of the centrifugally cast 
bronze, both poured at the same temperature. 

It is the author’s opinion that the use of centrifugally cast bear- 
ing-back bronzes will increase and will ultimately spread into the 
field of medium and low-duty application, and will thus almost 
entirely eliminate the use of sand-cast bearing-back bronzes. 
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CENTRIFUGALLY CAST AT 2150°F SAND CAST AT 2150°F 


HOMOGENEOUS, FINE-GRAIN COARSE WITH LOCALIZED POROSITY 


Fie. 10 


Scnematic REPRESENTATION OF SATISFACTORY AND Derecrive Bronze 
Back Structures 


Discussion 


The description of the use, application, and manufacture of 
centrifugally cast bearing-back bronze as briefly presented in this 
paper would be incomplete without a short discussion in order to Hy 
indicate rational and economical methods of casting such mate- 
rials. 

The desirablity of fine structure and homogeneity of the bronze 
back is necessary not only for the purpose of realizing high physi- 
cal properties of the bronze material but also for securing a strong 
bond between the bronze surface and the bearing alloy. Bearing 
failures often have been attributed to ‘‘blistering” and peeling 
x off of the thin layer of babbitt, an incipient case of which 
i is schematically indicated in Fig. 10 (1). It is seen in this sketch 
i that localized porosity of a sand-cast bronze may be on the bab- 

i bitted surface (indicated by 1); in this case, the babbitt surface 

i may be lifted during operation due to the trapped gases which Hs 
expand at elevated temperatures; no similar trouble will oceur on 

other parts of the bearing surfaces away from localized and 

totally enclosed (such as indicated by 2). Fig. 11 Cross Section or Centrirucar Castinc SHow- 

It is easily understood that periodical fracture tests are necessary AprroximaTeLy 50 Per Cent Waste OF Bronze Dve To Gas 
during the manufacture of centrifugally cast bronze backs. It is Hoes anv Porosity 
realized that such tests are expensive | of i d waste 
material and of resulting wear and tear of centrifugal-casting 
machines. The question of great importance is how many bear- 
ing shells should be broken for such examination. This question 
is difficult to answer. It may be stated in a general way that 
minimum fracture tests will be required when carefully controlled 
conditions of centrifugal casting are rigorously maintained. 

j The examination of a fracture test will always reveal, as men- 
tioned previously, porosity and coarse-grain structure on the in- 
side diameter. They are due to excessive oxidation and low rate 
of solidification; the rate of solidification is high on the outside 
diameter, adjacent to the die material. The porous material 
will be removed during ‘“rough-boring,”’ the first manufacturing 
operation. The outside diameter is of fine-grain structure, but 
often small and medium-size gas holes may be found on that sur- 
face. The origin of these holes is mostly due to trapped water 
vapor which is formed when uneven and excessive amounts of 
mold wash are employed. In addition, the outside diameter may 
be rough, especially when old and partially cracked dies are still 
used. All such discontinuities and rough surfaces on the outside 
diameter are removed during ‘“rough-turning,” the second bearing 
manufacturing operation. Possible surface discontinuities also 
may be encountered on the top and on the bottom of the cen- 
trifugal castings. Therefore the sound structure for machininga Fic. 12) Raptat Crack on THe OD or a Centriruca Castine: 
good bearing such as schematically depicted in Fig. 11, will be Navy “M" Bronze; X6 

found between two vertical lines, V, and V,, and two horizontal 

lines, H, and H,. A waste of over 50 per cent of the centrifugally  centrifugally cast Navy “M” bronze poured at 2150 F in an 8- 
cast bronze is a common occurrence, as indicated on that sketch. in-diam steel mold, spinning at 750 rpm, is shown on a macro- 
The cross sections of bearing backs, indicated by dotted lines in graph in Fig. 12. The structure of bronze is homogeneous and is 
Fig. 7, are naturally in the region of sound bronze. fine except for the oxidized boundaries of the crack. Such cast- 
A gas hole, or radial crack, which was formed on the OD of a ___ ing will be rejected. 


OUS STRUCTURE 
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Fracture tests reveal sometimes comparatively homogeneous 
structure with partially oxidized axial or longitudinal inside bands, 
such as sketched in Fig. 13. Macrophotographs of such dark 
bands are shown in Fig. 14 where, on the left macrophotograph, 
the band grain structure is considerably finer than on the right 
macrophotograph. Such conditions were sometimes encountered 
and were reproduced experimentally when the rate of pouring was 
changed, anc when possible short-duration oxidation of a molten- 
bronze layer took place. 

A macrophotograph of a good finished bearing is shown in Fig. 
15. This photograph was taken from a section of a broken 
finished bearing picked at random after “inspection,” the last 
manufacturing operation. 


ConcLUSIONS AND RECOMMENDATIONS 


It has been shown that fine grain size and homogeneous struc- 
ture are necessary for the bronze backs of heavy-duty bearings 


DARK BANOS 


Fic. 13° Derective Centrirucat Castine Due to Loca.izep 


DiscoLoraTION 
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such as used in modern Diesel engines. The finer the grain 
structure the higher are the physical properties of the bronze; 
the same can be said with respect to the homogeneity. Only the 
centrifugal method of casting bronzes for bearing back produces 
a material possessing the required high physical properties. 

It has also been shown that localized porosity of the bronze 
back may lead to ultimate bearing failure. The inside diameter 
of a centrifugally cast bronze is always porous. Such porosity 
penetrates to various depths and is removed by machining during 
the initial stages of bearing manufacture. It is evidently desira- 
ble to cast bronze shells under such conditions that will result in 
minimum porosity. 

Because of all these requirements, centrifugally cast bronze 
shells are periodically broken for visual examination of the frac- 
ture. This will reveal to the inspector if the area of fine and 
homogeneous structure which will be left after rough-boring and 
rough-turning a casting will be sufficient for bearing manufacture. 

For the purpose of economy, it is ry to facture 
centrifugal castings with maximum sound material, i.e., minimum 
waste of defective bronze machined off on the four sides of a 
casting. Only well-controlled and rational methods of centrifugal 
casting will assure good product at reasonable cost. 

The over-all efficiency of centrifugally casting bearing bronze 
back may be improved considerably if additional factors, which 
affect the manufacturing process, will be carefully considered, such 
as the following: 


1 Temperature control should be as accurate as possible. 
Good pyrometers should be used; preferably not of the portable 
type because of easy damage. This also implies that molten 
metal should not be too long in the ladle where cooling rate is 
high. 

2 Rate of pouring should be high and pouring should be continu- 
ous in order to prevent any incipient internal oxidation. 

3 Pouring should be done in some inert atmosphere, such as 


Fie. 14 Resectep Centrirucat Castines Wits LonerruptnaL Fine anp Coarse-Grain Banps; Navy “M" Bronze; X6 
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argon, in order to minimize oreven eliminate porous bronze on the 
inside diameter; this would result in greatly reducing waste. 

4 Suitable mold material should be developed to have a long 
life, ie., the number of castings made should be substantially 
increased over the present limit which varies between 200 and 
500, depending upon the die material and type of bronze poured. 

5 Proper spraying, its technique and materials used for it, 
should be investigated also. This should be done in view of 
lengthening the mold life and also eliminating gas holes on the 
OD. 

6 Rigid, sturdy, and reliable casting machines will secure con- 
tinuous, economical, and safe operation. 
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Discussion 


B. J. Esarey-* 
points as follows: 


1 Centrifugally cast bronze-back bearings for use in Diesel 
engines in Navy service were first made in 1941. Production 
quantities of lead-bronze centrifugal castings were made from 
that time on as reported in I. E. Cox’s paper.’ Properties of 
these snd other alloys were given in a paper on bronze-back 
bearings in 1946." 

2 The control of centrifugally cast bearings has progressed 
to the point that it is not necessary to fracture any number of 
pieces. Normal test-bar procedures, in addition to chemical 
control, have eliminated the necessity for more than an occa- 
sional fracture. | 

All of the author’s recommendations are necessary in the 
control production of good centrifugal castings. 


The writer disagrees with the author on two 


AvtHor’s CLosuRE 


The author is in agreement with the points indicated by Mr. 
Esarey. In connection with the fracture test, however, it appears 
necessary to consider the interest of the manufacturer as well as 
the interest of the user of bronze-backed bearings. The manu- 
facturer resents the expensive technique of fracture tests, while 
the purchaser of bearings wants to be sure of the satisfactory 
quality of the bronze material below the hearing lining, and, 
therefore, may insist on the continuance of these tests. It should 
be noted that during the mass production of bronze-backed bear- 
ings at the peak of the last war, bearing manufacturers, because of 
limited foundry facilities, were obtaining centrifugal castings by 
subcontracting. The author’s experience indicates that more 
fracture tests were necessary of the subcontracted castings than 
of castings made by bearing manufacturers. 


* Chief Engineer, National Bearing Division, American Brake 
Shoe Company, St. Louis, Mo. 

7“The Centrifugal Casting of Non-Ferrous Metals,” by I. E. 
Cox, Proeeedings, American Foundrymen’s Society, 1941. 

* “Bronze Back Bearings,”’ by B. J. Esarey, Sleeve Bearing Metals 
Lectures, American Society for Metals, 1946. 


Pia 

“th 
| 

at 
; 


A Study of Head Loss in Venturi-Meter 


Diffuser Sections 


By JOEL WARREN,' PROVIDENCE, R. I. 


There has been considerable experimental and analy- 
tical work done, pertaining to diffuser action, both in 
this country and abroad. The research discussed in this 
paper was undertaken to furnish additional information 
with reference to the relative performance of various 
shapes of diffuser sections in Venturi tubes. 


ATA presented in the paper indicate that the minimum per 

cent head loss for recovery cones in Venturi meters in- 

stalled in 6-in. pipe lines depends upon both the cone angle 
and the ratio of cone entrance diameter to exit diameter (8). 
Concerning per cent head loss, cones with a small value of 8 seem 
to be quite sensitive to cone-angle change, whereas the per cent 
head loss changes a relatively small amount in cones with a large 
value of 8 as the cone angle is changed. In certain instances, 
shortening of recovery cones by cutting off small portions at the 
large end resulted in decreased per cent head loss when compared 
with full length cones of the same angle. 


Fie. 1) AnRANGEMENT oF Test Equipment 


Test Program 


All tests were made with water and were conducted at the hy- 
draulic laboratory of Builders-Providence, Inc. Fig. 1 is a sche- 
matic sketch showing the initial test setup. However, due to ex- 
cessive fluctuations at the manometer when data were being 


taken, the arrangement shown in Fig. 2 was constructed. Al- 
most complete elimination of ter fluctuations, especially 
at low flow conditions, and faster recording of data resulted in 
tests run on thissystem. The test equipment was designed origi- 
nally so that investigations could be made concerning flow coef- 
ficients as well as head loss. All data reported were taken on the 
system shown in Fig. 2. 

Fig. 3 is a schematic sketch of the special Venturi-meter test rig 
used in these tests. The test rig consisted of four sections; the 
inlet section, the approach section, the throat section, and the 
recovery section. Each of these sections could be changed inde- 
pendently of the other sections. The joining surfaces of any two 
adjacent sections were designed with rabbeted joints to a toler- 
ance of 0.002 in. measured on a diameter. 

The inlet section consisted of a flanged Meehanite casting with SG 
a honed bronze bushing at the downstream end through which ih aaa a 
pressure taps fed into an annular chamber, which, in turn, had » 2 Finan Agrancement or Test EquirMant 
+ art a which were connected to the manome- 


yh approach sections were Meehanite castings, machined to 
templates of specified shapes as follows: 1'/; in. throat, reverse 
curve 4"/, in. long; 3 in. throat, uniform velocity head increase 
per unit length, 1'/;, in. long; 4.5 in throat, same type 1'/; in. 
long. The inner surfaces of the approach sections were painted 
with two coats of spar varnish to retard rusting. The initial use 

! Assistant Professor of Mechanical Engi ing, Brown Univer- 
sity. Jun. ASME. Consultant to Builders-Providence Inc. 

Contributed by the Fluid Meters Research Committee and pre- 
sented at the Annual Meeting, New York, N. Y., November 26-De- 
cember 1950, of Tae American Society or Mecuanicat En- 


ts and opini advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuseript received at ASME Headquarters on Sep- 
tember 12, 1950. Paper No. 50—A-65. Fie.3 Venturi Test Rio 
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of bitumastic paint was discontinued due to excessive flaking of 
the paint. 

The throat sections were Meehanite castings about 2'/; in. long 
with honed bronze liners and with pressure taps arranged in a 
manner similar to the inlet section. 

The recovery section consisted of a flanged Meehanite casting 
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with a vulcanite float on top of the mercury. The smallest divi- 
sion on the scale was '/;)in. Heads below 1'/, in. Hg were meas- 
ured on a 3-in. air-differential hook gage, equipped with a vernier 
scale which could be read directly to 0.01 in. water and interpo- 
lated to the nearest 0.005 in. of water. A number of readings of 


of 6 in. ID, into which flanged diffuser or recovery cones? of vary- 
ing shapes and cone angles could be inserted. All recovery cones 
and the recovery section were painted with bitumastic paint to re- 
tard rusting. 

All pressure taps in the entire test unit were square-edged, care- 
fully prepared as recommended by Allen and Hooper (1).* 

The combination of approach section, throat section, and re- 
covery cone to be tested were held together by bolts fitted between 
the inlet-section downstream flange and the recovery-section up- 
stream flange. The entire test section was connected in the 6-in. 
line to standard 6-in. pipe flanges. The same inlet section and 
recovery section were used for all tests except in one instance 
when a special cast recovery cone was tested, and this replaced 
the recovery section. 

The flow rate was controlled, as indicated in Fig. 2, by a con- 
trol valve located at the discharge end of the horizontal flow sys- 
tem. The valve consisted essentially of two orifice plates, one 
fixed to a loose pipe flange and the other/|so designed that it could 
be moved externally, by means of a lever, at right angles to the 
fixed plate, and hence to the flow, thus permitting maximum flow 
when the two plates were in alignment and almost no flow, except 
that due to leakage, when the movable plate was at its extreme 
outer position. A downspout consisting of a wooden box, which 
surrounded the valve, was also fastened to the loose pipe flange. 
A deflector plate was installed in the box to aid in changing the 
direction of flow. Numerous holes in the box above the deflector 
plate allowed air to enter the downspout system. The entire 
downspout and valve could be rotated so that flow could be di- 
rected into the volume tank or into the sump. Early use of a gate 
valve, fastened to a loose pipe flange, at the contro] point was 
discontinued owing to the large weight of the valve making move- 
ment difficult and also to excessive manometer fluctuations. Lo- 
cation of the gate valve about 7 pipe diam further upstream and 
the use of a standard pipe elbow fastened to a loose pipe flange for 
diverting the flow was tried, but also gave excessive fluctuations 
at the manometer. Drilling of holes to allow air to enter the 
system on the top of the pipe leading from the valve to the divert- 
ing elbow reduced the fluctuations somewhat, but was much in- 
ferior to the orifice-plate-type control valve previously mentioned. 

A 1000-gal cylindrical tank previously calibrated and equipped 
with a vertical gage glass, reading in tenths of an inch, was used 
for measuring the quantity of flow. Readings to the nearest 0.02 
in. could be made by interpolation. One tenth of an inch on the 
gage glass was equivalent to 1.77 gal of water. A minimum of 
350 gal per test run was established when actual measurement of 
flow quantity was necessary. 

Flow time was measured by an electric timer which was actu- 
ated by two mercury switches mounted on the wooden box sur- 
rounding the control valve. The smallest division on the dial of 
the clock was '/jo sec; however, readings to the nearest 0.02 sec 
could be made by interpolation. A stop watch was used peri- 
odically to check the action of the unit. 

Two types of differential gages were used in the tests. Heads 
of from 15 in. Hg to 1'/, in. Hg were measured on a direct-reading 
mercurial differential gage with an inside diameter of 0.5 in. and 


? The nomenclature of recovery cones will be used to include those 
sections which are actually cones and those which are special ina- 
chined shapes. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


the ter were taken and averaged at each flow rate. 

All pressure connections were by means of transparent tubing, 
which was arranged so that any air in the leads would collect at 
a high point and be observed readily. In some of the testing, 
valves located in the manometer circuit made it possible to 
switch quickly from one pressure tap to another and from one 
manometer to another. However, the use of interconnecting 
valves was decreased as the tests progressed. The valves were 
replaced by unions which made possible changeable direct leads 
between the pressure taps and the connections to the manometers. 


Test Resuuts 


Test methods and calculations concerning flow followed, in 
general, the procedure outlined in reference (2). However, the 
per cent heat loss was calculated as the ratio of the “local pressure 
loss” of the Venturi to the differential pressure. The total pres- 
sure loss was measured between the upstream and downstream 
taps located as shown in Fig. 3. Local pressure loss was de- 
termined by subtracting from the total pressure loss a calculated 
loss due to the straight portions of the test section, not including 
the throat and approach sections, using data from available tables 
on head loss in straight pipe (3). In instances where a single 
value of per cent head loss has been reported for each cone tested, 
this value is the minimum per cent head loss reached on a graph 
of per cent head loss versus differential pressure. Complete re- 
checks of data were made in a number of instances, and in all 
cases the original and the new data were well within accepted 
experimental limits. 

Fig. 4 indicates that the minimum per cent head loss for recov- 
ery cones in Venturi meters installed in 6-in. nominal diam pipe 
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lines depends upon both the cone angle and the value of @. 
Cones with a small value of 8 seem to be quite sensitive to cone- 
angle change. However, the per cent head loss @ cones with a 
large value of 8 seems to be affected relatively little by changes in 
cone angle. There seems to be no reasonable explanation at this 
time as to why the lowest per cent head-loss points go through a 
minimum as the value of 8 is changed. An attempt was made to 
explain this fact by taking into consideration the variation in the 
approach coefficients as 6 is changed, but, whereas this helped 
between two cases, it worked in the wrong direction for the third. 

Of considerable importance is the fact that the foregoing head- 
loss data are in disagreement with information published by 
Gibson (4, 5) who reported minimum per cent head loss for cones 
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with numerous values of 8 as occurring at an angle of about 5° 30’. 
In addition, the general slopes of the per cent head-loss curves for 
different values of 8 were nearly the same up to total cone angles 
of 35°. The discrepancy with the data shown in Fig. 4 may be 
due to differently designed test equipment. Gibson inserted a 
test unit, similar to but shorter than that shown in Fig. 3, into a 
2-in. pipe line. Hence flow into and out of the test section was 
always through a pipe of 2 in. diam, regardless of end diameters 
ot the cone being tested. It is believed that such a design would 
result in poorer velocity distribution than the normai Venturi me- 
ter for throat diameters in the vicinity of the 2-in. pipe size. His 
experiments also were on machined brass sections with throat di- 
ameters of from 0.65 in. to 2.00 in. and with values of 8 from 0.30 
to 0.67, thus being on generally smaller pipe sizes and covering a 
smaller range in 

Beckman (6) has indicated that a truncated‘ conical diffuser of 
greater than 8° total angle and with a 8 of 0.5 gives equal or less 
per cent head loss than the longer Herschel-type recovery cone. 
Fig. 5 shows the effect on per cent head loss of truncating an 8° 
rolled-steel recovery cone. In this instance, in which 8 = 0.5, 
truncating was found to produce an increase in per cent head loss 
when compared to the full-length 8° cone. In these tests, trun- 
cating was accomplished by cutting off successively given lengths 
of the original cone at its downstream end, which left this end of 
the cone submerged in water. The welding of a full-diameter 
collar on the downstream end had no measurable effect on per 
cent head loss in the instances tried. 
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Fie.5 Evrscr on Heap Loss or Truncatine an 8° Recovery 
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Fig. 6 shows that for large angles of 6-in. X 3-in. recovery 
cones, truncating did result in a smaller per cent head loss. How- 
ever, the per cent head loss was, in all instances tested, larger than 
the minimum found in Fig. 4 for the 6-in. X 3-in. cones. Except 
for the 8° cone, truncating was accomplished by making one cut 
in length on each of the cones of the different angles reported. It 
is realized that truncating in each instance by a series of steps 
would be more desirable; however, in support of the data shown 
in Fig. 6, the data in Fig. 5 indicate that the per cent head loss 
may change at a fairly uniform rate when changes are made near 
the original length. Hence it is believed that Fig. 6 may be 
representative of the general trend for the cone angles reported. 

Fig. 7 indicates that for a given length of recovery cone, there 
may be a certain cone angle that will give a minimum per cent 
head loss. Truncated cones of 1.37 D and 1.88 D in length and 
of about 13° and 11° total angle, respectively, show smaller per 
cent head loss than full length cones of the same indicated lengths. 


« “Truncated” as used here and later indicates that a portion of the 
large end of the recovery cone has been cut off. 
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Three large angle diffusers, each 0.78 diam long, with 8 = 0.5 
and with curved walls instead of cones, were tested. A circular 
curve gave 30.5 per cent head loss, an elliptical curve, 27.2 per 
cent, and a curved surface designed to give a uniform decrease in 
velocity head per unit length of diffuser, the smallest head loss or 
25 per cent. Gibson (4) recommends that for best conditions the 
curvature should begin gradually leaving the throat and should 
end with a straight line. The elliptical section reported had the 
most gradual curvature leaving the throat, but did not give the 
lowest head loss. Apparently, separation of the fluid from the 
wall surface is less with the uniform velocity-head decrease curve 
than with the others of the same length tested. However, re- 
gardless of the shape, recovery cones with total angles greater 
than 30° gave excessive manometer fluctuations. 

The results reported in Fig. 4 indicated that a total cone angle 
of about 8° would give minimum per cent head loss for cases 
where 8 = 0.5. Since the cones used were of rolled steel and 
hence had quite smooth wall surfaces, a comparison test was run 
on a cast Meehanite 8° total angle cone in which the wall surface 
was left unmachined but was coated with bitumastic paint. The 
cast section replaced the entire recovery section in Fig. 3. Fig. 8 
indicates that the cast cone had but slightly higher per cent head 
loss, especially at conditions of relatively large flow rate. Since 
the coating of the approach section with grease during additional 
testing gave some effect on the flow coefficient, tests were run on 
a number of cones to determine the effect of grease on head loss. 
As noted in Fig. 8, the addition of light grease, wiped off to a thin 
coating with a piece of cloth, caused an increase in per cent head 
loss, with the greater effect produced on the smoother rolled- 
steel type of cone. 

Additional tests of like nature on other cones produced similar 
results. Tests on a straight length of 6-in. pipe with a distance of 


| 
\ 
4 
eee 401 a 
2 | 
20 | | 
if ire 
: 
€ a 
TRUNCATED 3 
| 
; 2 
540 | 
Pro | 
wo 
| 
q 
| 
| 
| 4 
{ 
| 
& 
4 
‘ 
4 
4 
i 
i 


TRANSACTIONS OF THE ASME 
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Fie.8 Errect or Surrace Conpition on Per Cent or Heap Loss 


6.6 pipe diam between pressure taps indicated that the addition of 
a thin layer of grease to straight rough pipe tends to increase the 
pipe friction. The greased portion of the pipe was at least 1 pipe 
diam away from both the upstream and downstream pressure 
taps. Based on these results, it is probable that the observed in- 
crease in head loss when grease was applied to the recovery cones 
was due to increased friction to flow. 

Fig. 8 is also a reminder that per cent head loss is not a constant 
ratio at all rates of flow for a given cone angle. 

Additional research of the same nature as that reported and 
also some new investigations concerning head loss and flow coef- 
ficients of Venturi meters are now in progress and will be the sub- 
ject of a report in the near future. 


Summary 


1 The minimum per cent head loss for recovery cones in Ven- 
turi meters installed in 6-in. pipe lines depends upon both the cone 
angle and the ratio of the cone entrance diameter to exit di t 
(8). Table 1 shows the cone angle at which the minimum per 
cent head loss occurred for different values of 8. 


TABLE 1 CONE ANGLE FOR MINIMUM PER CENT HEAD LOSS 
8 Approx total cone Minimum per cent 
angle, deg-min head loss 
6-15 


8-0 
11-30 


In addition, cones with a small value of 8 are quite sensitive to 
change in cone angle, whereas for large values of 8 a change in 
cone angle causes a much smaller change in per cent head loss. 

2 Truneating of conical diffusers may result in decreased or in- 
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creased per cent head loss dependent upon the oone angle, the 
prospects for d d loss ing to be greater at large values 
of cone angle. 

3 Ata cone length of 1.37 diameters when 8 = 0.5, a trun- 
cated cone of about 13° total angle gave minimum per cent head 
loss. Likewise, a truncated cone 1.88 D long and of about 11° 
total angle gave minimum per cent head loss. In both instances, 
full-length cones of the lengths indicated gave higher per cent 
head losses. Thus for certain lengths of recovery cones includ- 
ing truncated cones there is a certain cone angle that will give 
minimum per cent head loss. 

4 Diffusers of curved walls instead of cones, but of the same 
length, car be expected to give different per cent head loss, with a 
uniform velocity-head decrease per unit pipe length of curved 
section, giving the minimum per cent head loss of those tested. 

5 Unmachined cast 6-in. X 3-in. Meehanite cones may, in 
the vicinity of 8° total cone angle, be expected to give but slightly 
higher per cent head loss than smooth-surfaced rolled-steel cones 
of the same total angle. 

6 Grease on the walls of certain recovery cones tends to in- 
crease the per cent head loss. 
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Discharge Measurements by Means of 


Venturi Tubes 


By A. L. JORISSEN,' STATE COLLEGE, PA. 


An attempt is made to present a comprehensive idea of 
the actual stage of development of the method of flow 
measurement by means of Venturi tubes. Use has been 
made here of (a) the latest available American and Euro- 
pean Standards, published by the various national asso- 
ciations: The American Society of Mechanical Engi- 
neers, 1957; Ente nazionale per I’Unificazione nell’ In- 
dustria, 1938; British Standards Institution, 1943; Verein 
deutscher Ingenieure, 1948; Association francaise de 
Normalisation, 1949. (6) The decisions taken at the inter- 
national meetings of the Committees on Flow Measure- 
ment: ISA 30, Helsinki, 1939; ISO 30, Paris, 1948. (c) 
Published research reports. Both the nozzle-type and the 
Herschel-type Venturi are discussed from the viewpoints 
of discharge coefficient and pressure losses. The con- 
clusions point out the need of further research and the 
necessity of an international standardization. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


D = diameter of the pipe 
A; = area of cross section of pipe 
d = diameter of throat séction 
A; = area of throat section 
As 
n= a = D = opening ratio. 
2 = elevation of center line of pipe at upstream pressure 
connection 
2, = elevation of center line of pipe at downstream pressure 
connection 
¢ = length of cylindrical throat section 
¢ = angle of opening of diffuser 
a,b = cross-sectional dimensions of an annular pressure 
chamber 
e = thickness of slot connecting an annular pressure cham- 
ber to inside of pipe 
P. = pressure at standard upstream pressure connection 
P: = pressure at standard downstream pressure connection 
(throat) 
Q = volumetric rate of flow 
G = weight rate of fiow 
w = specific weight of fluid 
wo = specific weight of fluid in undisturbed conditions (com- 
pressible fluids) 
! Professor of Civil Engineering, The Pennsylvania State College. 
Mem. ASME. 
2? The author uses the Europea: notation. In this country, the 
parameter 8 = € 


D is generally preferred (m = 8%). 


Contributed by the Fluid Meters Research Committee and 
presented at the Annual Meeting, New York, N. Y., November 
26—December 1, 1950, of American Socizety oF MecHanicat 
ENGINEERS. 

Nore: Stat ts and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the iety. Manuscript received at ASME Headquarters, 
September 11, 1950. Paper No. 50—A-71. 


T = temperature (absolute ) 
g = acceleration of gravity 
k = adiabatic exponent 
Vi; = mean velocity in pipe 
V. = mean velocity in throat section 
a, = correction coefficient for nonuniform velocity distribu- 
tion in pipe section 
a = correction coefficient for nonuniform velocity distri- 
bution in throat section 
(Re), = Reynolds number referred to throat diameter 
(Re), = Reynolds number referred to pipe diameter 
C = discharge coefficient 
K, = pressure-loss coefficient in converging portion 
a = discharge coefficient in old standards and publications 
| J = roughness-effect coefficient 
€ = compressibility coefficient 
Ah = differential pressure of Venturi 
A’h = local Venturi loss 
= pressure-loss coefficient 
K = pressure-loss coefficient in Ferroglio’s formula 


INTRODUCTION 

Since Clemens Herschel suggested, in 1887, making use of 
a long-known principle for a new type of flow-measuring de- 
vice, much work has been done on Venturi tubes, both in this 
country and abroad. 

American practice is codified in the publications of this So- 
ciety (1, 2, 3).* Considerable work has been done in the last 40 
years by Ledoux (26), Pardoe (30, 31, 32, 33, 34, 35), Stevens (47) 
and others. The ASME Special Research Committee on Fluid 
Meters has been very active in this field. 

Pioneering work in Europe was done by Camichel in Toulouse, 
France (11, 12, 13), and by Schlag in Liége, Belgium (38, 39, 40). 
In 1932, at a meeting held in Milan, Italy, the Committee on 
Fluid Measurement of the Internationa] Federation of the Na- 
tional Standardizing Associations (ISA 30) pointed out the in- 
terest of systematic experimental research on Venturis. In the 
years preceding the second world war, numerous studies were 
undertaken, particularly in Belgium, France, Germany, Great 
Britain, and Italy, and results were published, susceptible of 
being used for a contemplated standardization. In 1938 the 
Italian Ente nazionale per |’Unificazione nell’ Industria (UNI) 
submitted a project to a public inquiry (4), and this project served 
as a basis for discussion at the Helsinki, 1939, meeting of the 
ISA 30 Committee. It was at this meeting that, for the first 
time, international rules were established for flow measurements 
with Venturi tubes. 

These rules were included in the standards of the Association 
francaise de Normalisation (5) and of the Verein deutscher In- 
genieure (6). Finally, in May, 1948, the subject of Venturi tubes 
was one of the most important topics discussed at the Paris 
meeting of the Committee on Flow Measurement of the Inter- 
national Organization for Standardization (ISO 30). The latest 
published standards are the new standards of the Association 
francaise de Normalisation (8). 

3 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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The Venturi tubes belong in the category of the so-called 
pressure-difference devices for fluid-flow measurement in pipes. 
Like the orifices and the nozzles, they are based on the principle 
that, when the fluid is made to flow through a section of a diame- 
ter smaller than that of the pipe, the increase in kinetic energy 
is compensated by a decrease in pressure. By measuring the 
differential pressure thus obtained, one may evaluate the ve- 
locity and hence the rate of flow. 

Essentially, a Venturi tube consists of the following: 


1 A converging portion where the transformation of pressure 
into kinetic energy takes place. This is the essential part of the 
pressure-difference device. According to the shape of this por- 
tion, Venturi tubes are classified into: 

(a) Herschel type, also called conical-entrance type or classical 
type, in which the entrance portion is a converging-entrance cone. 

(b) ISA nozzle type in which the entrance portion consists of a 
standard ISA 32 nozzle. 

2 Acylindrical throat section. 

3 A divergent diffuser. This is the characteristic part of the 
Venturi tube. Its adjunction to the converging portion allows a 
partial recuperation into pressure energy of the kinetic energy 
existing in the throat section. This recuperation is progressive 
and is best effected when the eddying zone is small in the deceler- 
ating portion. The optimum value of the divergent angle is 
from 5 to7 deg. 


When the diameter of the downstream section of the diffuser is 
smaller than the diameter of the pipe, the Venturi is said to be 
truncated; when the two diameters are equal, the Venturi is 
nontruncated. Distinction is thus made between the following: 

Venturi truncated with a divergent angle of 5 to 7 deg. 

Venturi truncated with a divergent angle @xceéding 7 deg. 

Venturi nontruncated with a divergent angle of 5 to 7 deg. 

Venturi nontruncated with a divergent angle exceeding 7 deg. 

The following theoretical formula is readily derived from 
Bernoulli’s equation and the equation of continuity for the case 
of incompressible fluids 


This may be written 


V1—m? w w 


and the volumetric rate of flow is expressed by 


The so-called ‘coefficient of discharge’ C makes allowance for 
frictional effects in the entrance cone or nozzle and nonuniform 
velocity distribution in the measuring sections.* The relation 
between C and K, is eosily found to be 


1 


[4] 
a: (1— + 


*In many oijder standards and publications, the coefficient of dis- 


charge is called a. The relation between and a isa = 
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Allowance also must be made for a possible roughness effect. 
Finally, the volumetric rate of flow is given by 


When the fluid may not be considered as incompressible, an 
additional correction takes the compressibility effects into con- 
sideration. The weight rate of flow for compressible fluids is 
expressed by 


C 


V/1— m 


From Equation [4] it is evident that C is a function of m and, 
through a, a2, and K,, of the Reynolds number. At high Reyn- 
olds numbers, however, viscous effects are negligible and C is a 
function of the opening ratio m, only. The values of C are ob- 
tained experimentally. The roughness coefficient J, is also of 
an experimental nature and is found to be a function both of m and 
of D, increasing with increasing m and decreasing D. Finally, 
the expansion coefficient € may be shown to be a function of m, 
P2/pr, and the adiabatic exponent k. 


TOLERANCES AND Errors 


From Equations [5] and [6] it is seen that the value of Q or 
of G results from measurements of the geometric characteristics 
of the device and of the pressure difference p; — p: and from a 
knowledge of the physical characteristics of the fluid. The vari- 
ous standards give values of the tolerances and errors to be applied 
but much uncertainty still remains concerning the exact defini- 
tion of these errors. At its Paris, 1948, meeting, the ISO 30 Com- 
mittee was very much concerned with the establishment of defi- 
nite rules, based upon the theory of probabilities. It appears to 
the author that tolerances and errors are best studied in the new 
French standards (8) and an attempt is made here to summarize 
this theory. 

Errors have to be considered four times in the determination 
of the rate of flow with standard pressure-difference devices: 


(a) A measurement is generally repeated several times; there- 
fore, instead of one value of the pressure-difference associated 
with one group of data defining experimental conditions, one has 
a number of values of the pressure-difference and a number of 
corresponding data. The true values to be introduced in the 
formulas are the arithmetic means of the various characteristics. 
The difference is taken between each measurement and the true 
value. The mean quadratic error is the square root of the arith- 
metic mean of the squares of these differences. 

(b) Measuring conditions themselves are uncertain; therefore, 
errors may result in the values of the physical constants and of the 
geometric characteristics of the device. Here again, the root- 
mean-square error is taken. Measurements of d, and, therefore, 
computation of A; generally may be made with a high degree of 
accuracy. The diameter of the pipe D, may not be so easy to 
determine; measurements are generally made of four diameters 
inclined at 45 deg, and the arithmetic mean computed. A 
common practice is to place a machined pipe section upstream 
from the device. The specific weight is known accurately for 
liquids, the admissible error being generally less than 1 per cent. 
For gases and vapors, w depends upon pressure and temperature. 
Pressure measurements are made with laboratory manometers 
with an accuracy of 0.5 per cent; with industrial manometers, a 
value of 1 per cent is common. According to Schlag, an accu- 
racy of 0.5 per cent may be assumed for the measurement of the 
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temperature, whereas the law relating w, p, and T is exact within 
an approximation of about 0.7 per cent.*® 

{c) Coefficients such as C, J, and € result from laboratory ex- 
periments and bear a certain degree of uncertainty. The various 
standards give the admissible tolerances, based on an analysis 
of the available experimental results. Concerning the coefficient 
of discharge, a so-called “basic tolerance” is given, but no pre- 
cise definition of this expression is available. The new French 
Standards use again the notion of root-mean-square error. Ac- 
cording to the theory, there is a probability of 5 per cent that the 
actual error will be equal to twice the root-mean-square error. 
Because it was not possible to recalculate older experiments, it 
was assumed that the basic tolerance and the root-mean-square 
error were the same. 

(d) Errors in the measuring instruments must also be taken 
into consideration, but generally these do not obey the laws of 
probabilities. It can be expected that these errors will be smaller 
in laboratory experiments than in industrial practice. In the 
latter case, the over-all tolerance is generally increased by 50 per 


cent of its value, computed by taking the root mean square of - 


all tolerances. 


The ISO 30 Committee recommended that the various stand- 
ards no longer use terms such us error, approximation, tolerance, 
without giving them a precise definition and that, in future ex- 
periments, the root-mean-square error be always given. 

It appears that in this country, the probable error is preferred 
by some. 


Nozzie-Tyre Venturt Tuses 


As explained, a nozzle-type Venturi consists of a standard 
ISA 32 nozzle, followed by a cylindrical throat and a diffuser. 
Fig. 1 shows the principal characteristics of this device and makes 
apparent the essential differences between this type of Venturi 
tube and the standard nozzle. It will be noticed that, whereas 
in the latter, the downstream pressure hole is located on the 
downstream face of the nozzle, in the Venturi, it is situated in the 
throat, immediately following the nozzle profile and preceding 
the cylindrical section. 

To the knowledge of the author, the first systematic study of 
this type of Venturi tube was made by Schlag (38). The early 
experiments (40) dealt with nozzle Venturis having no cylindrical 
throat section (c = 0). It appeared later that a cylindrical sec- 
tion of length between 0.2d and 0.4d was advantageous. In 
various publications, Schlag (38, 40) and Schlag and Jorissen 
(44) give results of nozzle-Venturi calibrations effected between 
the years 1934 and 1947. Their results are summarized in Table 


* These figures are given for average practice; it is certain that 
in laboratory experiments a much greater accuracy can be obtained. 


TABLE 1 
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1 which shows that, for all values of ¢ ? 0.2d, the differences be- 
tween the Venturi and the nozale coefficients are well below 1 per 
cent. The International Recommendations allow an approxima- 
tion for the nozzle coefficients of between 1 per cent at small 
values of m and 1.7 per cent at high values of m. It thus appears 
that for c > 0.2d, the difference between the coefficients of the 
nozzle Venturi and the standard nozzle is well within the toler- 
ated approximation. 


When c is smaller than 0.2d, greater deviations may be ex- 
| pected, principally, as remarked by Witte (49), when the angle of 
opening of the diffuser is great. 

The results of Schlag and Jorissen are confirmed by experi- 
ments by Wentzell and Groessle (48) with values of m between 
0.05 and 0.58, c = 0.2d, and pipe diameters up to 275 mm (10.8 
in.). 

Ruppel (37), however, found that the Venturi coefficients were 
smaller than the nozzle coefficients for m < 0.3 and larger for 
m > 0.3. Except for one value of m (m = 0.57), however, the 
differences are well within the tolerated approximations. 

Ferroglio (14, 15, 16) experimented with ¢c = 0.296d, D = 
80 mm (3.2 in.), ¢ = 7 deg and m = 0.1, 0.3 and 0.5, He con- 
cluded that, for all values of m, greater coefficients were needed 
for the Venturi than for the nozzle. The UNI standards (4), 
recommended that slightly higher values be chosen for the Ven- 
turi than for the nozzle and the ISA Recommendations (Helsinki 
1939) endorsed this viewpoint. Nozzle Venturis were thus 
standardized for use with liquids only and diameters D between 
50 mm (2 in.) and 500 mm (20 in.) (41, 42, 43). (Table 2). 

The Helsinki Recommendations further stipulate that the 
angle of opening of the diffuser may not be greater than 60 deg 
and that, in the case of a truncated Venturi, the length of tbe 
diffuser may not be smaller than d (42). 

The upstream pressure connection is made through an annular 
chamber or individual bores; the diameter of these bores or the 
width of the slot, connecting the chamber with the inside of the 
pipe, may not be greater than 0.02D. The downstream or throat 
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pressure connection is by means of bores, preferably connected 
to an annular chamber. The diameter of these bores may not 
be greater than 0.13d and must be between 3 and 6 mm ('/s 
and '/, in.). The slot was prohibited, the committee judging 
that there could be danger of a faulty centering of the upstream 
and downstream parts of the device. Schlag and Jorissen (44) 
succeeded in avoiding this by an appropriate construction of their 
Venturis and obtained very good results with a pressure-connec- 
tion slot. 

It was recommended at Helsinki that the area of the meridian 
cross section of the annular chamber be at least as large as the 
area of the total section of the passage between the chamber and 
the inside of the pipe (Fig. 2) 
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This rule was adopted after study of a paper by Beckmann (10) 
on pressure-balancing in annular chambers. For large values of 
D, however, this requires unusually large chambers. Further- 
more, the author has shown (24) that when the device is well 
centered, the width of the pressure alota is of little importance. 
The ISO 30 Committee finally decided 
at the Paris meeting that when D is 
greater than 200 mm (8 in.), it is enough 
that the cross section of the annular 
chamber satisfy the relation 
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Even at Helsinki, the advisability of 
choosing different coefficients for the 
Venturi and for the nozzle was ques- 

Fie. 2 tioned. The British Standard Code 
of 1943 (7), recommends the use of the 
same coefficients for the two devices. Schlag has shown (45) 
that the differences in the Helsinki coefficients are always well 
within the admissible approximation. Furthermore, it appears 
that Ferroglio’s experiments were not decisive in this matter; 
for m = 0.1, sufficiently high Reynolds numbers were not attained 
for the discharge coefficient to be a constant; for m = 0.30 the 
value of C appears to be 0.973 whereas the corresponding value 
for standard nozzles is 0.970 (a difference of 0.3 per cent). Fi- 
nally, for m = 0.50—to which corresponds a nozzle coefficient of 
0.936—two Venturis were studied, one of them nontruncated, the 
other one truncated. The average value of C for the first one is 
estimated, from Ferroglio’s diagram, at 0.948 (a difference of 
1.3 per cent). For the truncated Venturi, the results are not as 
definite, but the average value of C may be estimated at 0.940 (a 
difference of 0.4 per cent). 

As shown by Schlag, (45), Ferroglio’s additional results on 
large-diameter industrial pipes (16) are too unreliable to be 
taken into consideration. Furthermore, they were a!) obtained 
with Venturis having small values of c/d. Ferroglio’s analysis 
of Witte’s measurements of pressure distribution downstream 
from a standard nozzle and the computation of the discharge 
coefficient of a Venturi by that method must also be questioned, 
due to the essential difference between the flow conditions in the 
diffuser of the Venturi and in the eddy-creating expansion down- 
stream from the nozzle. 

It appears to the author, therefore, that the decision of Helsinki 
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TABLE 2 NOZZLE-VENTURI COEFFICIENTS* 


= These values are included in the German standards of 1948 (6). 
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0.30 0.35 0.40 0.45 0.50 0.60 
0.970 0.964 0.956 0.947 0.936 0.914 
0.973 0.968 0.960 0.953 0.946 0.924 


was hasty and based on insufficient experimental evidence. At 
the Paris meeting (1948), the ISO 30 Committee decided that, 
temporarily, the same coefficients should be used for the nozzle 
Venturis and for the standard nozzles, but that the length of the 
throat section should be maintained between 0.2d and 0.4d. 
The necessity of additiona) experiments was stressed. 

The values of C adopted at the Paris meeting and endorsed 
by the new French Standards (8) are given in Fig. 3 and Table 
3. These values differ only slightly from those of the British 


TABLE3 VALUES OFC 


m c m c 
0.05 0.986 0.35 0.964 
0.10 0.984 0.40 0.956 
0.15 0.982 0.45 0.947 
0.20 0.979 0.50 0.936 
0.25 0.975 0.55 0.925 
0.30 0.970 as 
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Standard Code (7). They apply, naturally, only to high Reyn- 
olds numbers. According to the French Standards, the limiting 
values of Re are as given in Table 4 


TABLE 4 LIMITING VALUES OF REYNOLDS NUMBER* 


m (Re)p (Re)a 
0.05 60000 268000 
0.10 63000 199000 
0.20 90000 201000 
0.30 120000 219000 
0.40 165000 261000 

20.50 200000 283000 


* In the French Standards (8), as in most European standards and pub- 
lications, Reynolds number is expr as a function of the pipe diameter 
. The relation between this Reynolds number and the Reynolds number 
expressed in function of the throat diameter d may be written (Re)p = 


(Re)¢ Vm This, however, is only approximately true in the case of com- 
pressible fluids. 


It is recommended not to use the nozzle Venturi at smaller 
Reynolds numbers; if this cannot be avoided, viscous effects 
must be taken into consideration, and a correction factor must 
be applied to ‘he value of C. Fig. 4 gives the correction factors 
found in the british Standards (7). Corresponding factors, ex- 


pressed as functions of (Re), are given in the French Standards 
(8). 

The roughness coefficient J, has equivalent values in both 
standards. These are given on the diagram, Fig. 5. 

Neither the International Recommendations, nor the French 
Standards (8) extend the use of the nozzle Venturis to incompres- 
sible fluids. The German standards (6) specify that, although all 
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experimental results have been obtained with liquids, there is no 
apparent reason to prevent using these results for vapors and 
gases. The British Standard Code (7) adopts the values of the 
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expansion coefficients for nozzles. Fig. 6 allows computation 
of these coefficients. Restrictions are made for the case where 
< 0.98. 

Figs. 7, 8, and 9 give the values of the basic tolerance as estab- 
lished by the International Recommendations and of the extra 
tolerances for (Re)g (viscous effects) and for D (roughness 
effects) from the British Standard Code (7). In the French 
Standards (8), the basic tolerance varies from 1 per cent for m = 
0.1 to 1.7 per cent for m = 0.65. The extra tolerances for vis- 
cosity and roughness effects are very nearly the same as those of 
the British Standards (7). The roughness coefficients, however, 
may be considered as only temporary values and it is highly de- 
sirable that new experiments be undertaken to study the effects 
of roughness. 

According to the British standards (7), an additional toler- 
ance must be applied in the case of compressible fluids; this is 
due to uncertainties in the knowledge of ¢. This extra toler- 
ance is equal to '/; the percentage correction in the case of gases, 
and '/, the percentage correction in the case of vapors. 
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Herscue.t-Tyre Venturi TuBes 
Herschel-type Venturi tubes are not yet standardized inter- 
nationally, but they are included both in the British Standards 
(7) and in the French Standards (8). According to these stand- 
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ards, a Herschel-type Venturi, as represented in Fig. 10, consists 
of the following: 


An entrance cone of 21 deg angle. 
A cylindrical throat section of length d. 
A diffuser of angle g, generally equal to 7 deg. 


The angle of 21 deg for the entrance cone is chosen both in the 
British and the French standards. Experiments have indicated 
a considerable variation of the coefficient of discharge with differ- 
ent angles. Schlag and Jorissen (44) have shown that this co- 
efficient increases by approximately 1 per cent when the angle 
increases from 12 to 15 deg. It is therefore essential that the 
standard angle of 21 deg be maintained when the standard coef- 
ficients are used. Fig. 10 points to the existence of transition 
curves both at the entrance and exit of the entrance cone. The 
radius of these curves is not given in the standards, Schlag has 
shown (39) that an exit transition curve increases the coefficient 
of discharge by 1 to 1.5 per cent and gives a sharper variation 
with Reynolds number. 

If a relatively high pressure loss may be tolerated, the angle ¢ 


of the diffuser may be greater than 7 deg, but never greater than 


30 deg. 

The same distinction between truncated and nontruncated 
devices applies as for other Venturis. 

The upstream pressure connection is situated at a distance 
D/2 upstream from the entrance cone, and the downstream pres- 
sure connection is at the middle of the throat section. A common 
practice is to use annular chambers with a machined stainless 
lining. The diameter of the pressure holes in this lining must not 
be smalier than 4 mm (*/» in.) and the number of holes at least 
4. Distance between two holes may not be greater than 160 mm 
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(6.3 in.). For very large diameters, the annular chambers may be 
replaced by individual] pressure holes distributed on the circum- 
ference of one cross section. The lining insures smooth entrance 
and throat sections. The influence of roughness in the entrance 
cone is very marked. Schlag has proved (38) that, by proper 
machining of a cast-iron entrance cone of m = 0.26 and D = 100 
mm (4 in.), the coefficient of discharge could be increased by 1 
per cent. Rust, on the contrary, decreased the coefficient by 
1.5 per cent. This is confirmed by experimental results of 
Camichel and Teissié Solier (12) on a Venturi of m = 0.25 and 
D = 80 mm (3.15 in.). Rust decreased the coefficient of dis- 
charge of this Venturi by more than 2 per cent. 

Herschel-type Venturis are now standardized for all diameters 
greater than 50 mm (2 in.), and values of m ranging from 0.15 
to 0.60 according to the French standards (8) and from 0.10 to 
0.55 according to the British standards (7). 

These Venturi tubes are used for all fluids. They are made 
of a material appropriate to this fluid; cast iron for water, sheet 
iron for water and gases, steel for vapor, stainless metal for cor- 
roding gases, 

According to the British standards (7), the value of C is con- 
stant and equal to 0.99 up to m = 0.50. The values of J are 
given in Fig. 11. The French standards (8) give slightly different 
values of C and J. These differences wert discussed at the Paris 
meeting of the ISO 30 Committee. Slight differences in the 
values of CJ result from the use of both standards. The French 
standards do not give any limiting value of Reynolds number; 
according to the British standards, this is slightly above 100,000. 
For smaller Reynolds numbers, corrections are necessary; they 
are given in Fig. 12. The same values of € may be used as for 
nozzle Venturis. 

The basic tolerance and the additional roughness tolerance 
(diameter effect) result from Figs. 13 and 14, taken from the 
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British Standards (7). Slightly different results are obtained 
from the use of the French Standards (8). These state that, in 
the horizontal portion of the curve, the basic tolerance is 0.5 per 
cent for D > 500 mm (20 in.) and 1 per cent for D < 500 mm. 
In the nonhorizontal portion, the basic tolerance is 1.5 per cent. 
Extra tolerances are applied for Reynolds numbers below the 
limiting value, Fig. 15. The same tolerance on € is taken as for 
nozzle Venturis. 


DIFFUSER 


As stated previously, the conical diffuser is the characteristic 
part of the Venturi tube. It allows a substantial part of the dif- 
ferential pressure to be regained. In the first Venturi tubes, 
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built according to the specifications given by Herschel, the total 
angle of opening of the diffuser was from 5 to 7 deg. This small 
value led to fairly long devices. For a long time, diffusers were 
built with an angle not exceeding 8 deg. The choice of such a 
small value was justified by the necessity of maintaining low 
losses in the transformation of kinetic into pressure energy. 
These losses are principally due to the eddies that are created 
when the flow separates from the wall in the diffuser. Frictional 
and internal losses must also be considered; these losses being 
proportional to the square of the velocity, are greater in a small- 
angle than in a large-angle diffuser. Ruppel has shown (37) that 
a balance may be attained between the various losses, giving 
optimum conditions and a minimum loss. It was recommended 
at Helsinki that the total angle of the diffuser not exceed 30 deg. 
A few years before the war, German manufacturers suggested 
cutting the diffuser at a downstream diameter smaller than the 
diameter of the pipe. According to the terminology of the Paris 
meeting, this is the truncated Venturi, Fig. 10. Beckmann has 
shown (9) that such a truncated diffuser may allow the same 
amount of recuperation as a nontruncated type. This is also 
confirmed by some of Ruppel’s experiments (37). The truncated 
diffuser is, of course, more advantageous both for space and 
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which is somewhat less accurate than Marchetti’s but may be 
applied to diffusers of from 5 to 14-deg opening. This formula 
was endorsed at Helsinki. The coefficient K is given by Fig. 16. 

Both Marchetti’s and Ferroglio’s formulas are for nontrun- 
cated Venturis; for truncated Venturis, the Recommendations 
of Helsinki give the diagram, Fig. 17, which allows an approxi- 
mate computation of the pressure loss as a function of m. 

In their experiments, Schlag and Jorissen (44) systematically 
measured the pressure loss and computed the pressure-loss 
coefficient. A typical diagram of A as a function of Reynolds 
number is shown in Fig. 18. It appears that, whereas the angle 
of opening of the diffuser cone has little influence on the value 
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economy. The length of the standard truncated diffuser, how- 
ever, may not be smaller than the throat diameter d. 

The rating of various diffusers is largely dependent on the re- 
sidual pressure loss of the Venturi. This quantity is defined dif- 
ferently in the German (6) and in the Italian publications (4). 
In Germany, a differential pressure is measured between piezome- 
ter openings situated at a distance D upstream from the up- 
stream standardized pressure connection and a distance of 7, 6, or 
4 times D downstream from the downstream standardized pres- 
sure connection for m = 0.1, 0.25, or 0.50, respectively, for trun- 
cated Venturis, and D downstream from the Venturi for non- 
truncated Venturis. The ratio of the differential pressure thus 
obtained to the differential pressure between the two standard- 
ized connections is conventionally called “ratio of permanent 
head loss.” 

It seems more rational to adopt the method recommended by 
Marchetti (28) and Ferroglio (15). The pressure difference is 
measured between a section situated upstream and a section 
downstream from the Venturi. These sections are chosen far 
away from the device, so that its disturbing influence is not felt 
and normal flow conditions may be expected to prevail. From 
this differential pressure is subtracted the friction loss in a pipe 
of diameter D and length equal to the distance between the two 
sections. The difference is called “local Venturi loss,” A‘h. 
This loss is generally expressed, not in absolute value, but by its 
ratio to the differential pressure Ah of the Venturi 


ah 
The Venturi pressure loss is a function of Reynolds number; 
according to Marchetti (28), its value is 
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for diffusers of 7 deg opening. Ferroglio (15) suggests using the 
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of the coefficient of discharge, the pressure-loss coefficient \, 
on the contrary, varies appreciably with this angle, increasing 
with increasing ¢. In Herschel-type Venturis, the influence of 
the angle of the converging cone is small. 


ConcLusions 


As appears from this report, considerable effort has been de- 
voted to the study of Venturi tubes. Their standardization is 
now in progress. Although much information is still needed, it 
is certain that enough data are available to justify the attempts of 
the various national standardizing associations and of the ISO 
30 Committee. 

Concerning nozzle-type Venturis, experiments are in progress, 
to decide, once and for all, whether the same coefficients may be 
used for them as for the standard ISA nozzles. At the Paris 
meeting of the ISO 30 Committee, the delegations stressed the 
need for laboratories to continue experimental work on this 
subject. 

The study of Herschel-type Venturis is also continued. It is 
expected that at the next meeting of the ISO 30 Committee, 
enough information will be available to lift the slight discrep- 
ancy between the British and the French standards. 

The notions of tolerances and errors are well clarified; it is 
hoped that the analyses of future experiments will take the recom- 
mendations on this subject into consideration. 

Remaining to be studied are the effect of transition curves in the 
entrance cone and the diffuser, as well as a comprehensive 
analysis of the effect of roughness. Flows at small Reynolds 
nuinbers are also of great interest. 

Little information is at present available on measurements in 
pulsating flows or with heterogeneous fluids. 
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Liége al’ Association des Ingénieurs de Liége, 1947 

46 ‘Beeinflussung der a von Venturimessern durch kleine 
Abweich in der D J. Spangler, Mitteilungen der 
Hydraulischen Institut der t hschule, Munich, Germany, 

1928. 


47 “Simpler and Better Venturi Tube,” by J. C. Stevens, Engi- 
neering News Record, April 29, 1948 

48 ‘'Venturiwassermesser fur geschlossene Leitungen,” by Wents- 
ell and Groessle, Wasserkraft und Wasserwirtschaft, n°10~-11, 1937. 

49 “Untersuchungen sur Normung von Venturirohren,” by R. 
Witte, Forschung, July-August, 1939. 


Discussion 


I. O. Mrver.* This paper is a valuable addition to the science 
of flow measurement. The remarkable similarity shown be- 
tween American and European coefficients is a monument to the 
researchets who established the coefficients and a source of 
confidence to those using these coefficients. An example of the 
similarity is Table 2, herewith, which compares Venturi tube co- 
efficients published by the Society,’ with corresponding British 
coefficients CJ from the author’s paper. 


TABLE 2 VENTURI TUBE COEFFICIENTS 


BRITISH ASME 
Size Venturi tube cs Size Venturi tube Cc 
32° < 16° 0.9875 30° x 15° 0.9872 
16" x 8” 0.984 16” xX 8” 0.9854 
0.9817 Tx 0.9828 


The greatest difference, namely, 0.14 per cent in the case of the 
16-in. Venturi tubes, is little more than the total of possible read- 
ing errors even when values are taken carefully from the curves. 

The author’s statement, “The optimum value of the divergent 
angle is from 5 to 7 deg,” is correct for m = 0.0625 (8 = 0.25). 


* Chief Engineer, Charge Design, Builders-Providence, Inc., Rum- 
ford, R.I. Mem. ASME. 

7 Fluid Meters, Their Theory and Application,” ASME Research 
Publication, 1937. 
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Investigations by Warren® show that the optimum angle is 8 deg 
at m = 0.25(8 = 0.5) and about 12 deg at m = 0.5625 (8 = 
0.75). At the latter value of m there is negligible change in loss 
for a considerable change in diffuser angle. 

The British Standards give the same basic tolerance for all 
sizes of Venturi tubes with m = 0.3 or less, the value being 0.75 
per cent. The French Standards give larger tolerances for small 
Venturi tubes, the values being '/: per cent for tubes over 20-in- 
line size, and 1 per cent for tubes of less than 20-in-line size. 
The French method appears to fit the facts more accurately. 
Tests made at the University of Pennsylvania, the University of 
Illinois, and Ohio State University on 49 Builders Venturi tubes 
of the design to which ASME coefficients apply show that of 14 
which were 6 in. or smaller, one had a coefficient differing from 
standard® by 1.4 per cent, five by from '/; to 1 per cent, and 
eight by less than '/, per cent. Of 35 for line sizes of 7 in. to 16 


*“A Study of Head Loss in Venturi Meter Diffuser Sections,” 
by Joel Warren, ASME Preprint 50-——A-65, 1950. 

* Builders-Providence, Inc. standard coefficients are those pub- 
lished in Trans. ASME, vol. 67, 1945, pp. 339-344, “The Coeffici- 
ents of Herschel Type Cast-Iron Venturi Meters,"’ by W. 8. Pardoe. 
These differ from those given in Table 2 by a maximum of '/¢ per 
cent. 


in., two deviated by '/. per cent to 1 per cent and the remainder 
by less than '/, per cent. Of more significance is the fact that 
between 8 = 0.45, and B = 0.68, which included 26 tubes, the 
maximum error for 6-in. size and under was still 1.4 per cent, 
while for the larger tubes it was '/, per cent. A further study 
including a larger number of tubes will probably indicate that 
the French method with the dividing line made at about 8-in. 
size will apply to American tubes. Tolerances for extreme 
B and low Reynolds numbers will also be required. 

The author has focused attention on the fact that the French 
and British have established tolerances for Venturi tube coef- 
ficients based on line size, Reynolds number, and m. Reliable 
data in this country should be correlated, and additional tests 
made where required. Complete methods of determining possible 
errors in Venturi tube coefficients can then be published by the 
Society. 

AvuTHOR’s CLOSURE 

The author is grateful to Mr. Miner for his comments. A 
complete analysis of all available American Venturi-tube cali- 
brations, including comparison with the French and British 
Standards, is now in progress. The results of this analysis will 
be published at a later date. 
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Controller Settings for Optimum Control 


By W. A. WOLFE,' VANCOUVER, B. C. 


When a controller is applied to a process, one set of prob- 
lems that arises is the dynamic action of the controller. 
Problems of speed of return, stability, and accuracy of 
control are all involved. In a paper by J. G. Ziegler and 
N. B. Nichols,? a method of adjusting a controller was de- 
scribed. This method introduced and used concepts of 
time lag and reaction rate to arrive at satisfactory settings 
for the controller. The purpose of this paper is to study 
the problem of optimum settings and to develop criteria 
for obtaining the settings. In particular, the Laplace 
transform will be applied to an idealized plant and the re- 
sulting equations solved for optimum conditions. 


multiple capacities may be represented by a dead time and 
an inflection-point tangent. Fig. 1 illustrates the assumed 
response of the process to a step disturbance. The response is 


S™ ERAL writers?* have shown that a process consisting of 


TIME 
Response or Process to a Unit Step Disturs- 
ance, Occurrine at Zero Time 


Fie. 1 


characterized by a delay or dead time of duration L, called the 
lag, and then a departure from the set value at a constant rate. 
The slope of the curve is equal to 1/Z, where Z is the time re- 
quired for the controlled variable to increase one unit. Such a 
process is termed “astatic with lag.” 


Ovt THE System 


The combination of process and controller is conveniently rep- 
resented by a block diagram such as Fig. 2. On this diagram 
the process, controller, and connections are shown. The process 
and controller are represented by their respective Laplace trans- 
forms, which effectively replace operations with differential 
equations in the original domain by algebraic operations in the 
subsidiary domain. The process and controller combination is 
considered to function as follows: 

The output from the process 6 is the variable whose value it is 


' Associate Professor of Mechanical Engineering, University of 
British Columbia. 

“Optimum Settings for Automatic Controllers,” by J. G. Ziegler 
and N. B. Nichols, Trans. ASME, vol. 63, 1941, pp. 759-765. 

*“The Dynamics of Automatic Controls,” from the German 
“Dynamik Selbsttatiger Regelungen,”’ by RK. C. Oldenbourg and H. 
Sartorius) translated and edited by H. L. Mason, DSc, of Iowa State 
College, and published by the ASME in 1948, pp. 88-89 and 34. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Annual Meeting, New York, N. Y., No- 
vember 26-December |, 1950, of Tae American Society or Me- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, July 
10, 1950. Paper No. 50—A-22. 


desired to maintain at the set point of the controller A. The 
difference 9.«. — @ is measured by the controller and produces an 
output z, such that r = 4. —- 6. Further action within the 


Fie. 2. Brock Diagram SHowine ComBrnation or ConTROLLER 
AND Process 


INPUT 
_UNT STEP 


CONTROLLER OUTPUT 


Response or CONTROLLER AND Process To a Unit Step 
Crance in Respective 


Fie. 3 


controller produces a response which is proportional to z and iden- 
tified as K, in the diagram. If the controller has only propor- 
tional response, then the output K,z is the corrective effect applied 
to the process. However, as will be shown later, proportional 
controllers are unable to remove completely the effect of a dis- 
turbance, and hence a further controller action called reset is 
frequently introduced. Reset action is idealized so as to modify 
the proportional response in such a manner that the output from 
the controller contains not only a proportional component, but 
also one that depends upon the /rdt, multiplied by some con- 
stant determined by the controller setting. 

Fig. 3 indicates the response of a proportional reset controller 
to a unit step change in the input. Expressing the controller ac- 
tion by a curve is very convenient, since a mathematical ex- 
pression of the action of the controller can then be made without 
reference to the actual construction of the controlling mechanism. 

It is well at this time to introduce the concept of a transfer 
function, which is defined? to be 


£(output) 
£(input) 


Applying this definition and following the methods of Olden- 
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bourg and Sartorius,* the transfer function for the system in Fig. 
2, is 
e-L(K 

The transfer functions for the controller and for the process are 
shown in Fig. 3. For this investigation the disturbance M is as- 
sumed to have the step-change form. 

Introducing the conditions that 8, (the value of @ at the in- 
stant the observation is commenced) and Os... be constants, and 
making the substitution sL = qin Equation [1] gives the following 
equation 


L6, 
KL 


KiL 

(Kel 
| se +o 


q KL ,., 
2 + Zq (Kol + ge q 


£(0) = 


ML 
Z 


+ + qe ‘| 


The effect of this substitution is to replace ¢ with the variable 
t/L. It also conveniently combines the controller constants 
with the process constants and thus makes it possible to express 
the controller settings in terms of the process characteristics. 
Two new constants will now be introduced+ let-4 = K,L/Z, B = 
K.L. These new constants enable the solution of Equation [2} 
to be applied to the process irrespective of the values of L and Z. 

It will be the purpose of this paper to determine suitable values 
of A and B. However, before the solution of Equation [2] is at- 
tempted, several significant facts about the controller-process 
combination may be determined by operations in the subsidiary 
domain by the application of the properties of the Laplace 
transform. 


+L {2] 


OPERATIONS IN SuBSIDIARY DoMAIN 


First consider a process-controller combination in which there 
is no reset action. Equation [2] is then modified by letting K; = 


0, ie. 
| 
1 + 1+ KiL ee 
Zq Zq 
ML 
+L - . [3] 


[« + 


To Equation [3] applying the relation‘ 


= sF(s) 


where 6@,, indicates the value of @ at a large time after the dis- 


‘“Transients in Linear Systems,"’ by M. F. Gardner and J. L. 
Barnes, John Wiley & Sons. Inc.. New York, N. Y., vol. 1, 1942, p. 
226. 
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turbance, leads to the following equation 


6 + = (4] 
oe @ wet K, 


Thus the output @ finally comes to a steady value displaced 
by an amount M/K, from the controller setting Ase. 

When the same operation is performed upon Equation [2], 
which represents a controller with a proportional and reset re- 
sponse, the simple result 


= 


« 


a 


is obtained. 

Thus, by the inclusion of the reset response, the offset has 
been removed and the effect of a disturbance produces a tem- 
porary deviation only. While the effect of a disturbance is even- 
tually removed, there is no indication of the magnitude or dura- 
tion of the deviation of @ from its set value. If the magnitude 
and duration are combined, there results a certain area of devia- 
tion between 6 and Occ shown schematically in Fig. 4. Useful 
results are obtained if this deviation area is made as small as pos- 
sible. 


Fic. 4 Deviation Arga Between Output VARIAcLE AND 


If in Equation [2] 6, is assumed equal to @ser, and both are as- 
sumed to be zero, a desirable simplification results, as follows 
ML 
= L .. {64 
+ A(B + 


| 
Physically these changes assume that the process and con- 
troller have been in equilibrium for some time at set, and that 
the scale of @ is equal to zero at the set point. 
The value of ;% 6dt is given by the relation’ 


0 
Odt = F(s), 
0 
Applying this relation one obtains 


ML? ML? 2 
Deviation area = ZAB or 


Since it will be found that A and B are constants independent 
of L and Z, and since M is a selected step disturbance, the devia- 
tion area is seen to vary directly as L? and inversely as Z. Some 
physical reasoning at this point may indicate the reason for the 
simple form obtained for the deviation area. It should be re- 
called that the disturbance M was applied at zero time. After a 
lapse of a period of time equal to the lag L, the effect of the disturb- 
ance will become apparent in the departure of @ from the set 
value of zero. Under the assumption of an astatic process, the 
deviation will follow a straight line of slope M/Z, and the devia- 
tion will follow this line for another period of time equal to the 
lag L. Since the controller action cannot start until the devia- 
tion has started, and the effect of the controller cannot become 
apparent until a further time equal to the lag has elapsed, it is 
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evident that, no matter what values of controller constants are 
selected, the first part of the deviation is a straight line of slope 
M/Z starting from zero at L units of time after the disturbance, 
and continuing for another period of time L. 

Fig. 5 shows graphically the initial deviation just discussed. 
From Fig. 5 it is readily seen that the initial deviation area, 
which is independent of the controller, is equal to (ML*)/(2Z). 
After this period of 21, the shape of the curve depends upon the 


M DISTURBANCE 


/ AREA 


B 


Fie. 5 Deviation AREA 


controller settings. Inasmuch as it seems reasonable to require 
the deviation area to be a minimum, it is evident that the product 
of the controller constants AB should be as large as possible. 


SoLuTions or Stem Equation 


Several writers** have obtained graphical solutions of the stem 
equation 


+ A(B + ge «=f 


and the results of their solutions need only be indicated. 

It is noted (1) that a necessary condition for stable solutions 
is A > Oand B > 0, and (2) Equation [8] has one or three real 
negative roots and an infinite number of complex roots when the 
first condition is satisfied. Following Hartree* and others,’ ap- 
proximations for the real and imaginary parts of the complex 
roots are 


Q 
5 = log 


Q= (2 
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damping ratio of the first harmonic is specified. The initial re- 
sponse curve for small times is obtained by expanding the Laplace 
transform in a series form, which converges for large values of 
q, and then transforming back to the original domain term by 
term, 


Optimum SoLuTIons 


The problem now is to select some criterion (some relation be- 
tween the roots of the stem Equation [8]) which will enable values 
of A and B to be calculated for an optimum response curve. 

Since it has been shown that the selection of a specified damp- 
ing ratio® provided a suitable criterion for the adjustment of the 
controller with proportional response, it is reasonable to inquire 
if the same criterion might not be valuable for the proportional- 
plus-reset controller. A further condition may then be imposed 
upon the stem equation. Recalling that the deviation area varies 
inversely as AB, the condition that AB be a maximum provides 
the second requirement. Upon substituting g = —6 + iQ in the 
stem Equation [8], there results 


262 + sin Q — Ae*(5 sin 2 + Q cos Q) = O.. [lla] 
6? — 2? + ABe® cos + Ae*(Q sin — 6 cos Q) = O.. [116] 
| Solving Equations (11a, 11] for AB results in 


26Q(2 sin 2 — 6 cos Q) + (6% — Q*) (6 sin 2 + Q cos Q) 
+ ABEeQ = 0 [12] 


The condition of a specified damping ratio requires that 
6/Q = constant; hence Equation [12] is rewritten as 


= 2 — 
ABe . Q 1 oO Q sin 2 + cos Q 
25 /. 6 


The condition that AB be a maximum is 


a(AB) 
a” 


Upon introducing this condition in Equation [12a], the follow- 
ing equation in Q is obtained 


2\ 6 


0 


5 


(n = harmonic number) where the complex root is of the form 
q = —6 + i, and the real root is obtained from 


where g = —A. 

From these approximations it is easy to show that the higher 
harmonics die away rapidly, and that after a small time the re- 
sponse curve of the controller-process combination may be ap- 
proximated satisfactorily by the aperiodic and first harmonic 
terms. Oldenbourg and Sartorius* have shown that the ratio 
between successive amplitudes of the response curve depends 
upon the parameter 6/2. Actually, in using this parameter, the 


* Time Lag in Control Systems,’ by D. R. Hartree, A. Porter, A. 
Clalendar, and A. B. Stevenson, Proceedings of the Royal Society 
of London, Series A, vol. 161, 1937, p. 466. 


Hence, when a value of 6/{ is selected, Equation [13] may be 
solved for Q, and the values of A and B obtained from the Equa- 
tions, {12a}, and 


A= cos + (: - sin 
Q 


Fig. 6 shows the response curve plotted for 6/2 = 0.4, and the 

values for A and B are 
A= 0.6, B = 0.36 

One important feature of this response curve is the appearance 
of positive and negative areas. The response curve is found to 
cross the horizontal axis in its return to the set value. The 
maximum deviation is small, and the first return to the set value 
of the variable is rapid. If deviation on both sides of the set 


og 
Z 
a 
a § 
q 
: 
| a q 
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value of the output variable can be tolerated, the criterion seems 
to be satisfactory. 


2r 
DAMPING RATIO =028 


4 6 


Fic. 6 Response oF PLant To Ster Distursance Wuen Con- 
TROLLER Has ProportTionaL AND Reser RESPONSE, AND SETTINGS 
Are Apsustep To Proving Seeciriep Dampine Ratio 


However, if it is desired to have the output variable return to 
the set value without crossing the set point to the same extent, 
another approach is necessary. Since the response for other 
than small] times can be approximated by the aperiodic term and 
the first harmonic, the desired response might be obtained by re- 
quiring these components to have equal exponential terms. 
Further, the requirement that AB be a maximum will insure that 
the deviation area is a minimum. 

The theory is developed as follows: 

Rewriting the stem equation as 


and letting g = —A + iQ, the following equations are obtained 
(A? — 22) cos 2 + 2AQ sin Q + ABe* — AAe* = 0... [16a] 
(A? — Q?) sin — 2AQ cos + = O.... [166] 


The equation for the aperiodic root is obtained from Equation 
[15] by substituting g = —6, resulting in 


— B)e® = 6... 
Solving Equations [16a] and [165] for AB gives the following 
equation 
AB =e 2 (2 AQ cos Q — (A? — 22) sin Q} 
— Q?) cos 2 + 2AQ sin QQ)... [18] 


and from Equation [17] if the real parts of the aperiodic and 
first harmonic are equal, then A(A — B)e* = A?, which upon 
substitution in Equation {16a} gives 

A? = (A? — 2%)cos 2 + sin 


and using Equation [19] in [18], a final relation for AB results 
A 
AB =e 2 {2AQ cos 2 — (A? — 22) sin 2} — A*] .. [20] 


An arbitrary value of 2 now determines 4 from Equation 
{19}, and these corresponding values of 2 and A will determine 
AB from Equation [20]. The desirability of making AB a maxi- 
mum has been indicated before. However, the difficulties of 


performing the indicated differentiation of Equation [20], and 
the solution of the resulting equations lead to the adoption of 
the following procedure for the determination of the optimum 
value of Q: 

(a) Select a series of values for 2, and solve Equation [19] for 
the corresponding A. 
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(b) Using these values of 2 and A, calculate AB from Equation 
[20]. 

(c) Plot the resulting values of AB on a base of 2. 

(d) Determine the maximum value of AB by inspection of the 
curve of (c). 

Fig. 7 shows the resulting plot. 
2 = 1.land A = 0.304 were selected. 


From this plot values of 
Fig. 8 shows the resulting 
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First Harmonic, WHen Piant Is Distursep By a Step Input 
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Fic. 9 Response or Process To Step Cuance, WHEN Process 
Is APPROXIMATED BY 4 LAG AND AN EXPONENTIAL Function 


response curve with 


A = 0.87, B = 0.23 


When the process contains self-regulation, the difficulty of 
controlling it is lessened. Such processes may be approximated 
by a lag and an exponential function.* Fig. 9 indicates the type 
of process response to a step change in the input for two values 
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of the parameter L./Z, where L is the lag, and Z is the time con- 
stant of the 


t 
( -e z) function 


When the controller settings are determined from the criteria 
of equal negative real roots on the aperiodic and first-harmonic 
terms, it is found that the controller settings vary with the parame- 
ter L/Z. Table 1 gives the values of the proportional response 
K, and the reset rate K, for some values of L/Z. The previously 
defined values of A and B are not given because, in the case of 
L/Z = @, the constant A is not involved. 


TABLE 1 CONTROLLER ser TTINGS A PROCESS WITH SELF- 


GULATIO 
(L=)D 
Ky 


Fig. 10 shows the response of the controller-process combina- 
tion to a unit disturbance for two values of L/Z. 


A=078, 8:078. 


Fie. 10 Response Curve ror Rear Equat Parts oF APERIODIC 
aNnD First Harmonic, WHen PLant Is Disturpep BY A Step Input 
(Self-regulated plant.) 


CoNCLUSION 


In summary, a method of applying the Laplace transform to 
control problems has been demonstrated. The actual process 
has been replaced by the combination of a lag and an appropriate 
function. Solutions of the resulting equations have been ob- 
tained and criteria for controller settings developed from these 
solutions. The application of these results to an actual process 
will depend, of course, upon how well the assumed process repre- 
sents the actual process. 


Appendix 


Summary of equations for drawing response curves for the 
“astatic with lag” process 


Small Times 
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A periodic Plus First Harmonic 
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+ Be — 2A 


Va 4 + b? 


a = + 6 — B) cos 2 — Q sin — 26 
b = 22 — Ae*((1 + 5 — B) sin 2 + Q cos Q} 
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a 
tan @ = 
Laplace transform (process with self-regulation) 
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Aperiodic Plus First Harmonic 
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where 
b = 22 — Ae® ((1 + 6 — B) sin 2 + 2 cos &} 


a = Ae® ((1 + 6 — B) cos Q- + ~ 26 


6 = M > = 
ji+ + * Va? +b? 
b = Kye®((l + 6 — B) sin 2 + 2 cos Q} 


a= 1+ ((1 + 6 — B) cos — Qsin Q| 
a 


a | | 
tan = b 
L 4 
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Furnace Heat Absorption in Pulverized- 
Coal-Fired Steam Generator, 
Willow Island Station 


Part I 


Furnace Heat-Absorption Efficiency as Shown by 


Temperature and Composition of Gases Leaving the Furnace 


By J. W. MYERS! anpb R. C. COREY,* PITTSBURGH, PA. 


As part of the comprehensive investigation of heat trans- 
fer in steam-boiler furnaces by the Special Research Com- 
mittee on Furnace Performance Factors of the Society, 
the furnace heat-absorption efficiency and the distribution 
of heat absorption on the furnace walls were determined 
on boiler No. 1 at the Willow Island Station of the Monon- 
gahela Power Company, Willow Island, West Va. The 
unit is a single-drum boiler rated at 500,000 lb of steam per 
hr at 1350 psig and 950 F at the superheater outlet, with a 
water-cooled dry-bottem furnace that is fired through the 
roof with six multitip intertube burners. This paper 
presents the results of determination of furnace heat- 
absorption efficiency made by the Combustion Research 
Section of the Bureau of Mines, as part of the co-operative 
research program with the ASME Committee to study fac- 
tors affecting furnace performance. The distribution of 
heat absorption in the furnace walls, investigated concur- 
rently, is the subject of another paper, and together they 
comprise the third of a series’ of reports of investigations 
sponsored by the committee. 


HIRTEEN tests were made on boiler No. 1 of the Willow 
Island Station to determine the effect on furnace heat 
absorption of variations of load, excess air, and the arrange- 


ment of burners in service. The furnace heat absorption is 
defined as the heat transferred by convection to the furnace 
walls, not including the screen, and the heat transferred by radia- 
tion to the furnace walls, including the screen. The heat ab- 
sorption in the furnace was obtained as the difference between 
the net heat availiable and the heat losses, including sensible heat 
in the products and radiation and convection losses. With 


‘Fuel Engineer, Combustion Research Section, Coal Branch, 
Bureau of Mines. 

* Supervising Engineer, Combustion Research Section, Coal 
Branch, Bureau of Mines. Mem. ASME. 

>“An Investigation of the Variation in Heat Absorption in a 
Pulverized-Coal-Fired Water-Cooled Steam-Boiler Furnace,” Parts 
I-IV, Trans. ASME, v J. 70, 1948, pp. 553-619. 

“Furnace Heat Abso®ption in Paddy’s Run Pulverized-Coai-Fired 
Steam Generator, Using Turbulent Burners, Louisville, Ky.,"" Parts 
I-III, Trans. ASME, vol. 72, October, 1950; Part I, by R. I. 
Wheater and M. H. Howard, pp. 893-923; Part II, by R. C. Corey 
and Paul Cohen, pp. 925-935; Part III, by H. H. Hemenway and 
R. L. Wheater, pp. 937-944. 

Contributed by the Research Committee on Furnace Performance 
Factors, and Fuels, Power, and Heat Transfer Divisions and pre- 
sented at the Annual Meeting, New York, N. Y., November 26- 
December 1, 1950, of Tue American Society oF MecHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
October 6, 1950. Paper No. 50-—A-83. 


slight modification, method 6, paragraph 7, of the ASME Test 
Code for Stationary Steam-Generating Units was followed. 

The sensible heat in the exit gas was calculated from the gas 
temperature and composition, which were determined by tech- 
niques and equipment developed by the Bureau of Mines for 
furnace testing.‘ The gas-temperature and composition data, 
and computed results, are tabulated completely in the paper. 
| The Code requires measurements to be made at a minimum 
number of locations, depending upon the area of the furnace 
outlet, to obtain satisfactory average values for the temperature 
and composition of the gases. However, location of the available 
doors in the furnace casing limited accessibility to less than the 
requisite number of sampling positions ahead of the screen, and 
it was necessary to calculate the average gas temperature at 
that location from complete surveys on the gas after passing 
through the screen, and computed heat-transfer rates to the 
screen tube bank. The basis for these calculations is described in 
detail later in the paper. : 


Meruops or Test 


Description of Furnace. Fig. 1 is a sectional side elevation of 
the unit, showing arrangement of the component parts. The 
furnace is approximately 84 ft high from the top of the hopper to 
the center line of the drum, 25 ft 3 in. wide, and 35 ft 4 in. deep 
from front wall to rear wall. All furnace walls are completely 
water-cooled, consisting of 3-in-OD tubes on 3-in. centers. The 
roof tubes are a continuation, through a header, of the front-wall 
tubes. The rear-wall tubes are bent forward and arranged in 
four rows to form the screen, with a spacing of 8 in. center to 
center between rows, and a spacing of 12 in. center to center be- 
tween tubes in each row. From the screen the tubes are bent 
upward and brought into one plane to form the division wall 
between the furnace proper and the superheater and economizer 
section. The distance from the division wall to the rear wall is 
14 ft, giving a horizontal projected furnace-outlet area of 353 sq 
ft, or, since the screen tubes are inclined at an angle of 15 deg 
from the horizontal, an actual furnace outlet area of 365 sq ft. 
The total projected area of radiant heating surface in the furnace 
is 8782 sq ft, including the actual furnace-outlet area. 

The furnace is fired with six multitip intertube burners ar- 
ranged in line across the width of the roof. Coal is supplied to 
groups of two burners by three B&W Type E pulverizers, desig- 
nated in the paper as A, B, and C. Pulverizer A supplies the 
two burners near the right side, B the two burners near the center, 
and C the pair near the left side. The designation of the sides of 


‘Methods and Instrumentation for Furnace Heat-Absorption 
Studies: Temperature and Composition of Gases at Furnace Out- 
let,” by P. Cohen, R. C. Corey, and J. W. Myers, Trans. ASME, 
vol. 71, 1949, pp. 965-978. 
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the unit, left and right, refers to the sides as seen by aa observer 
facing the front wall of the unit. 

Combustion air is supplied by two forced-draft fans and pre- 
heated in a tubular air heater. Superheat control is obtained by 
direct-contact spray-type desuperheater (attemperator) using 
feedwater as the cooling medium. 

Location of Test Points at Furnace Outlet. The gas-temperature 
and composition surveys were made by means of a water-cooled 
high-velocity thermocouple probe inserted through five lancing 
doors on the rear wall of the furnace about 1 ft above the upper- 
most row of screen tubes. Measurements were made at five 
positions through each of the five doors, giving the distribution 
shown in Fig. 2, which is a diagram of the furnace outlet in a 
plane parallel to the screen tubes, as viewed from above and from 
the rear wall. The sampling doors are designated B-1, B-2, 
B-3, B-4, and B-5 from the left to the right of the furnace, and 
the arbitrary positions, chosen to represent equal area divisions, 
are numbered 1, 2, 3, 4, and 5 from the rear wall toward the 
division wall. 


| | 


Fic. 2. Distripution or Points at) Furnace Ovtiet 


In addition to measurements on the gas after passing through 
the screen at the 25 points shown, a partial temperature survey 
was made ahead of the screen by inclining the probe downward 
in the gas lanes of the tube bank until the thermocouple was in 
the plane of the first row of screen tubes. The space limitations 
mentioned previously made it impossible to sample more than 13 
positions ahead of the screen. 

The gas composition was also determined at the economizer 
outlet to provide data for calculating the enthalpy of the com- 
bustion air by means of a heat balance across the air heater. 
Samples were taken at 18 points, arranged in six groups of three 
across the economizer outlet, through sample lines that are part 
of the plant equipment. Individual samples were taken at the 
six center points and a composite sample from the other 12. 

Instrumentation and Analytical Methods. The instrumentation 
and techniques employed, with some exceptions, were similar to 
those described and illustrated in recent publications.*** 

The temperature of the gas at the furnace outlet was determined 
with high-velocity thermocouples, consisting of platinum, 10 per 
cent rhodium-platinum elements, extending the full length of a 
water-cooled probe to an external terminal block. Previous 
experience showed the full-length couple to be the most expedient 
method of avoiding errors induced by excessively high tempera- 


‘Furnace Heat Absorption in Paddy’s Run Pulverized-Coal- 
Fired Steam Generator, Using Turbulent Burners, Louisville, Ky. 
Part Il—Furnace Heat-Absorption Efficiency as Shown by Tem- 
perature and Composition of Gases Leaving the Furnace,”’ by R. C. 
Corey and Paul Cohen, Trans. ASME, vol. 72, 1950, pp. 
925-935. 


tures at the junction between the noble metal and the com- 
pensating lead wires. A Bailey high-speed electronic recording 
potentiometer, used to record the emf of the thermocouples, gave 
representative average values of the temperature of the gas at a 
sampling point in a time interval of 1'/, min or less. An artificial 
cold junction, thermostatically controlled to a temperature 
higher than ambient, was used between the lead wires and the 
recorder. Fig. 3 shows the type E and G radiation shields used 
in making the temperature surveys. A considerable number of 
comparison tests were made between these shields and the B&W 
MHVT (multiple high-velocity thermocouple), also shown in 
Fig. 3, at various test conditions to furnish data for correcting 
the observed temperatures to the MHVT basis. 

Gas analyses were made simultaneously with the temperature 
measurements by means of a Bailey oxygen recorder connected 
with the aspirating system of the high-velocity thermocouple. 
Satisfactory average values for the oxygen content of the gas 
could be obtained in approximately the same time interval re- 
quired for the temperature record. Frequent complete Orsat 
analyses of the flue gas, sampled simultaneously with operation 
of the oxygen recorder, served both to calibrate the recorder 
and to give a relationship between the recorded oxygen content 
and that of the other constituents of the gases. The samples 
for complete analysis were obtained under reduced pressure by 
mercury-sealed aspirating bottles, which reduced the possibility 
bf leakage and contamination by air, and partial solution of gas 
constituents, principally carbon dioxide, which may occur with 
the salt solution formerly used as a confining liquid. 

The composition of the flue gas at the economizer outlet was 
also determined by the oxygen recorder, Orsat analyses also being 
made at regular intervals. 

Fig. 4 shows the necessary equipment and instruments for 
measuring the gas temperature and composition, and for as- 
pirating the gas at high velocity through the probe. 
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Bureau of Mines type E high velocity thermocouple shield 
(used for test) 


SECTION A- 


Bureau of Mines type G high-velocity thermocoup‘e shield 
(used for test) 


SECTION A-A 


B&W multiple high-velocity 
(used for comparision onty) 


ror Hien-Ve tocrry THermocovrie 


| | | i= 
| 
| | | 
| 
‘SAMPLING DOOR: 4 
Ba 
a 
= 
(222222 
A 
A 
Bay 
A 
ple shield 
all 


Fic. 4 View or INstRUMENTS AND APPARATUS FOR MEASURING 
TEMPERATURE AND Composition oF Gases at FURNACE OUTLET 


All other observations pertinent to this part of the investiga- 
tion were made with regular plant instruments. The tempera- 
tures of the flue gas and air entering and leaving the air heater 
were measured with resistance thermometers in the appropriate 
ducts and were recorded on the plant control board. The 
primary-air rate and temperature to each pulverizer were also 
recorded by plant instruments. 

Coal-feed rates were determined by recording at regular inter- 
vals the time and number of the trip of the automatic scale dis- 
charging into each of the pulverizers in use. Increments of the 
coal were taken at the seales, following ASTM specifications,® 
and were stored during the test in covered milk cans. The 
gross samples from each test were reduced by crushing and 
riffing to a quantity sufficient to fill a 5-gal can and were sealed 
and shipped to the Coal Analysis Section of the Bureau of Mines 
for complete analysis. 

Samples of the fly ash, obtained from the sluice discharge 
from the dust-collector hopper, were also analyzed by the Coal 
Analysis Section. 

The humidity of the air was determined by a sling psychrome- 
ter at the forced-draft-fan inlet. 

General Test Procedure. Routine soot blowing was completed 
before each test. The load was adjusted to the desired value, 
and the two forced-draft fans were balanced, from the differential 
across Venturi sections in the respective cold-air inlet ducts. A 
preliminary determination of the oxygen content was made on a 
composite gas sample obtained from 12 points at the economizer 
outlet, and the air flow was then adjusted accordingly to give 
the desired excess air at the furnace outlet. This method was 
satisfactory because of the small and relatively constant amount 
of leakage between the furnace outlet and the economizer outlet. 

The test was started as soon as the unit was stabilized and was 
continued for a period of about 4'/; hr, the time required to ob- 
tain a complete set of all the necessary data. Gas-composition 
determinations at the economizer outlet were made immediately 
before and after the furnace-outlet survey; and in several tests 
that were interrupted before completion, the economizer survey 
was again made before resumption of the traverse at the furnace 
outlet. Reading of coal scales and taking of coal samples were 
started before the furnace-outlet survey and continued until the 
end of the survey, or longer if necessary, to give the recom- 
mended gross sample size. 


Meruops or CALCULATION 


Gas-Composition Data. The complete gas composition and 
* ASTM Standard Method D492-46, ASTM Standards on Coal and 
Coke, August, 1947 
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excess air at the furnace outlet and economizer outlet were calcu- 
lated from arithmetical averages of the observed oxygen concen- 
trations, corrected by appropriate factors for instrument calibra- 
tion. It was shown in previous work‘ that this method is suffi- 
ciently accurate when the sample points are distributed properly 
over the area. The oxygen content at the furnace outlet was 
determined after the gas had passed through the screen, since the 
average composition will not be affected by the screen, although 
the distribution pattern may change considerably. 

Flue-Gas Temperature. The definition of furnace heat ab- 
sorption requires that the average flue-gas temperature ahead of 
the screen be known, but this was impossible to determine by 
direct measurement for reasons noted previously. It was 
planned originally to determine the temperature drop across the 
screen at one or two points and to apply this correction to the 
average of the temperatures obtained during a complete survey 
on the gases leaving the screen-tube bank. However, a few ex- 
ploratory tests showed the temperature drop across the screen 
to vary widely at different points, probably as the result of com- 
plex gas-flow patterns and varying amounts of ash deposited on 
the tubes. Consequently, the temperature was measured at the 
13 possible positions ahead of the screen to provide a more 
accurate basis for evaluation of the drop across the screen. 

The data for the accessible points were plotted, and tempera- 
tures for the inaccessible points were obtained by extrapolation. 
These temperatures and those obtained by direct measurement 
were averaged and corrected to the MHVT basis. However, the 
differences between the averages so obtained for the gases enter- 
ing the screen and the corrected averages of the complete survey 
of the gases leaving the screen did not agree weil with estimated 
design values, and the enthalpy change corresponding to these 
temperature differences could not be correlated with the mean 
gas temperature and mass velocity. Therefore it was concluded 
that this procedure for calculating the average temperature of 
the gases ahead of the screen was not sufficiently accurate. 

Accordingly, a method was devised for adjusting the average 
temperature ahead of the screen in such a manner that the 
enthalpy change of the gas passing through the screen, based on 
the adjusted temperature, would agree with the heat transferred 
from the gas to the tubes, which is calculated from convection 
and radiation coefficients. The adjustments were made to fit 
the following equation, the left term being the enthalpy change 
of the gas in passing through the screen and the right term ex- 
pressing the convection and radiation heat transfer from the gas 
to the screen tubes 


We,(T, — T:) = UA(T,, — T,) + oeAF(T,,* — T,4).. [1] 
where 
W = wet gases at furnace outlet, Ib per hr 
c, = mean specific heat of gases, Btu per lb deg F 
U = over-all convection heat-transfer coefficient, Btu/(hr) 
(sq ft) (deg F) 
o = radiation constant 
€ = emissivity 
A = developed area of screen tubes; sq ft 
F = shape factor of radiation receiving surface (assumed at 1.0) 
T, = adjusted average temperature of gas ahead of screen, deg R 
T; = corrected average temperature of gas after screen, deg R 
T, + T. 
= mean temperature of gas in screen = deg R 
T, = temperature of saturated steam at operating pressure, 
deg R 
T, = temperature of tube surface, deg R 


The value of U was assumed to be 2.2 + 0.00095 G (G = mass 
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velocity of wet gases based upon free area between tubes), 
according to the work of Kreisinger,’ and 7’, and c, were obtained 
with sufficient accuracy from the preliminary unadjusted tem- 
perature ahead of the screen. Other values were obtained from 
observed data for each test, leaving only 7; and € as unknowns in 
the equation. The emissivity € is assumed to be constant for all 
tests, 

An additional relationship is obtained by imposing the condi- 
tion that the algebraic sum of the adjustments for the entire 
series of tests be zero, based on the assumption that the average 
of a large number of determinations should have greater precision 
than that of a single test, that is, (7, T;) = 0, where 7; 
is the average temperature, deg R, ahead of the screen before 
adjustment. 

The adjusted temperatures for each test 7, were found in the 
following manner: Different values for € were substituted in 
Equation [1], which then was solved for 7, for each test. The 
summation of the differences, 2(7'; — 73), was found to be zero 
when € = 0.095, which is similar in magnitude to Sherman's 
results for short beam lengths.* The final adjusted value of 7; 
for each test was then computed from Equation [1] and used in 
all heat-balance equations. 

In averaging the temperatures of the gases leaving the screen, 
the data from position 5 in each door were omitted because it was 
thought that the extremely large temperature gradient near the 
division wall in a number of the tests was due to very low gas 
velocity or even reversed gas flow induced by eddy currents. 
The entire gas stream would then be represented more adequately 
by positions 1 to 4 in each door, giving a total of 20 positions. 

Furnace Heat Balance. The heat absorption in the furnace 
was calculated as the difference between the net heat available 


in the furnace and the heat lost from the furnace in products of 
combustion and by radiation and convection from the furnace 


casing. The net heat available is the sum of the lower heating 
value of the fuel fired (corrected for unburned combustible) and 
the enthalpy above 80 F of the air used for combustion. The com- 
bustible carbon losses were calculated from the fly-ash analysis, 
on the assumption that 80 per cent of the ash fired occurs as fly 
ash and that the remainder is carbon-free cinders. The enthalpy 
of the air was calculated from a heat balance on the air heater, 
using the recorded temperatures of the gas and air entering and 
leaving the air heater and the weight and average composition 
of the gases leaving the economizer. It was assumed that the 
composition was the same at the economizer outlet and the air- 
heater inlet, since air leakage between these points was negligible. 

The enthalpy of the furnace-outlet gases was calculated from 
the quantities of the individual gas constituents and their leat 
content above 80 F, at the adjusted average temperature ahead 
of the screen tubes, obtained from the tables of Heck. The 
quantities of the gas constituents were determined from the 
average flue-gas composition, the rate of fuel firing, and the 
ultimate analysis of the coal. It was assumed that all the ash 
left the furnace at the same temperature as the gases, and the 
heat content was calewated using a mean specific heat of 0.27 
Btu per lb deg F. The heat loss from the furnace casing was 
taken as half that of the entire unit as given by the ABMA 
Standard Radiation Loss Chart, shown in the ASME Power 
Test Code for Stationary Steam-Generating Units (1946). 

’“Heat Transfer in Air Heaters and Economizers,”’ by Henry 
Kreisinger, Combustion, vol. 5, December, 1933, pp. 7-11. 

’ “Burning Characteristics of Pulverized Coals and the Radiation 
From Their Flames,”’ by R. A. Sherman, Combustion, vol. 5, Decem- 
ber, 1933, pp. 30-38. 


*“The New Specific Heats,’ by R. C. H. Heck, Mechanical Engi- 
neering, vol. 62, 1940, pp. 9-12. 
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Resucts or Tests 


Description of Tests. Six tests, Nos. 1, 2, 6, 7, 8, and 13, were 
made at full load; four tests, Nos. 3, 4, 5, and 11, at three- 
quoerter load; and three tests, Nos. 9, 10, and 12, at half load. 
The object was to determine the effect on heat absorption of 
load, excess air, and burner arrangement. Only two values of 
excess air were used at each load, since the fan capacity established 
an upper limit at the full loads, and the ability to maintain stable 
ignition established a lower limit at the low loads. The pertinent 
operating data and results obtained in the thirteen tests are sum- 
marized in Table 1. 

The fuel burned was a high-volatile A bituminous coal from 
West Virginia, from either of two mines or a mixture of the two. 
Except for the moisture content, the analysis was very uniform 
throughout the series of tests. However, the fineness of the coal 
as fired varied considerably between tests and between pul- 
verizers during the same test. 

Temperature and Gas Composition at Furnace Outlet. Because 
of previous interest in the distribution of temperature and com- 
position of the gases at the furnace outlet, the data at each sur- 
vey position, for the several tests, are presented in Tables 2, 3, 
and 4. The temperatures in Tables 2 and 3 are observed 
values, determined with the high-velocity thermocouple. For the 
heat-absorption calculations the averages, calculated according 
to the methods previously described, were converted to the 

3&W MHVT basis by adding the corrections shown in Table 5. 
Jata for this table were obtained from thermocouple comparison 
tests mentioned previously. 

The gas compositions in Table 4 are expressed as per cent 
excess air to provide more familiar values than the oxygen per- 
centages recorded. 

Distribution plots of the temperature and composition of the 
gus leaving the screen tubes, for typical full-load tests, are shown 
in Fig. 5. These plots illustrate the effect of burner arrangement 
on the distribution at a nominal excess air of 15 per cent, and may 
be characteristic of this method of firing. 

The most uniform distribution of excess air was obtained in 
test No. 1, operating with the burners supplied by mills A-C. 
The use of mills A-B, test No. 7, also gave quite uniform distri- 
bution over the central portion of the furnace outlet, but high 
values occurred on one side and low values on the other side of 
the outlet. The excess-air pattern noted for test No. 6, with all 
burners in operation, may be caused by nonuniform distribution 
of secondary air to the burners or by nonuniform distribution of 
coal to the individual burner tips. It is conceivable that this 
uneven distribution of coal and secondary air may have occurred 
in all the tests, but when only two sets of burners are used the 
relative flame length and velocity are probably greater, causing 
the gases to travel farther toward the bottom of the furnace and 
achieve better mixing. 

The temperature patterns in Fig. 5 probably have a complex 
relationship with the distribution of fuel and air to the burners, 
the veiocity and path of the gas between the burners and the 
furnace outlet, and the location and extent of ash deposits on the 
walls. Although increase of gas residence time may improve 
mixing of gases and, therefore, produce uniform gas composition, 
it does not follow necessarily that the temperature distribution 
will also improve, since different streamlines of the gases may 
experience different histories of path length, velocity, and tem- 
perature of the heat-receiving surfaces. It is concluded, there- 
fore, that rational explanation of the present temperature pat- 
terns would require more detailed analysis of the gases, in transit, 
than is required to determine the over-all heat absorption in the 
furnace. 

The high temperature gradients near the division wall, dis- 
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2 OBSERVED* TEMPERATURE GAS, DEG F, LEAVING SCREEN AT FURNACE OUTLET. 
SME FURNACE HEAT-ABSORPTION TESTS, BOILER NO. 1, WILLOW ISLAND STATIO 
Test Ho. 6 8 9 10 un 2 13 
Door 
Bl 


BES 


x 
2 


BSE EREEE 


SERRE 


* Uncorrected; for corrections see table 5 


ED? TEMPERATURE OF GAS, DEG F, AHEAD SCREEN AT FURNACE OUTLET, 
ME FURNACE HEAT-ABSORPTION TESTS, BOILER NO. 1. WILLOW ISLAND STATION 


Test Mo. 1 2 10 un 2 oS] 
Door Position 
Bl 


2510 


3 
5 
3 
5 
s 
3 
3 
4 
5 


GEE SSE 588 


BSE ERE BS 
38 BEE B85 


* Uncorrected; for correction see ta’ 


+ Insufficient data taken for test No. 1 © No data taken; estimated value 


TABLE 4 GAS COMPOSITION* AT FURNACE OUTLET, Exraee AS PER CENT EXCESS AIR, 
ASME FURNACE HEAT-ABSORPTION TESTS, BOILER NO. 1, WILLOW ISLAND STATION 


Test Ho. 9 10 


* Obtained from oxygen meter readings, corrected for meter calibration; see text ® No data taken; interpolated value 


Be2 
B-3 
4 q a 
= 
i 
2210 
f 4 
15.2 24.3 26.6 17.0 24.6 4.5 2.0 13.9 | 27.6 399 15.2 
13.1 24.5 22.4 21.4 24.4 164 15.9 36.0 23.0 24.7 
2. 23.9 26.0 194 22.5 11.3 16.7 11.7 35.5 23.5 38.9 39.2 26.5 
2.5 7.6 15.7 1.8 35.2 22.7 37.2 42.0 22.3 
13.9 2355 Wel 26.8 23-4 1364 14.4 15.2 37.3 25.2 38.6 3465 36.8 
12.9 2.0 20.6 2.8 25.9 1206 Bel Bed 35.0 28.3 
1.9 2.1 20.8 Wl 2.7 14.9 98 15.2 34.8 22.6 374 33.0 29.0 
13.1 246.9 20.6 «29.1 25.2 15.0 12 33.3 4.5 35.7 26.2 
: 
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cussed earlier in connection with the method of calculating the 
averege gas temperature at the furnace outlet, are amply illus- 
trated by the temperature-distribution plots for tests 1 and 6, 
The distribution plots for other tests may readily be con- 
structed from the data of Tables 2 and 4. 
Due to the arrangement of the sampling doors with respect to 


TABLE 5 CORRECTIONS TO BE ADDED TO OBSERVED TEM- 
PERATURES TO CONVERT TO B&W MHVT BASIS. ASME FUR- 
NACE HEAT-ABSORPTION TESTS. BOILER NO. 1, WILLOW Is- 


LAND STATION 


Observed temp, Correction, Observed temp, Correction, 


deg Fe deg F deg F* 
1600 0 2100 39 
1700 7 2200 47 
1800 15 2300 55 
1900 23 2400 62 
2000 31 2500 70 


® Includes deviation of particular couple from standard tables. 


TEMPERATURE, °F. 
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the sereen-tube bank, it was expedient to measure the gas tem- 
peratures after the screen either directly over the center line of 
the tubes or directly above the lanes between the tubes. To 
settle any question that the gas temperature at a given position 
would depend upon the location of the thermocouple with respect 
to the tubes, average temperatures above the tubes were com- 
pared with average temperatures above the lanes, and no signifi- 
cant difference was found. 

Furnace Heat-Absorption Efficiency. The calculated furnace 
heat-absorption efficiency is plotted in Fig. 6 against excess air 
efor several combinations of the other veriables. An average 
value for the net heat available was chosen as a parameter for 
each load condition, high, medium, and low. The actual net 
heat available varied slightly, but since the furnace heat-absorp- 
tion efficiency is not sensitive to these variations, this procedure 
was considered to be satisfactory. 


e000 
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Fic. 5 Distripution or Temperature anp Excess Arr at Furnace Outer ror Futt-Loap Tests Wita Taree Dirrerent BurNER 
COMBINATIONS 
(Measurements made on gas after passin; through screen.) 
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FURNACE HEAT-ABSORPTION EFFICIENCY, PERCENT 


1 20 
EXCESS AIR AT FURNACE OUTLET, PERCENT 


Fic. 6 Furnace Heat-Apsorption Erricrency as AFFECTED BY 
Excess Arr, Net Heat in Furnace, anv Location or 
Burners Usep 
Numbers designate tests; letters designate burners used.) 


At full load there were sufficient consistent data to establish 
the relation between heat-absorption efficiency and excess air. 
At medium load, however, a rational correlation is impossible, and 
it was concluded that variables other than those considered must 
have an important influence on the heat-absorption efficiency. 
Accordingly, the curves at medium load were constructed on the 
basis of previous experience with this type of correlation, rather 
than from the calculated results, and it is expected that the actual 
results would fall on these curves if all the conditions had been 
the same as for the high-load tests. Although the data at low 
loads also are insufficient for definite conclusions, the slope of 
the curve for tests 9 and 10 appears reasonable, being somewhat 
less than that at full load. 

Although there are enough data at high loads to indicate that 
three-mill operation gives lower efficiency than using A and C, 
the effect of operating mills A and B is in doubt, the location of 
the A-B curves being determined from points 7 and 12, and the 
position of point 7 relative to A-C and A-B-C at full load. From 
the full-load tests, at least, it is apparent that the effect of excess 
air is independent of burner arrangement, the curves having the 
same slope, and this relation was used in constructing the other 
curves, 

The discrepancies noted for tests 3, 5, and 8 may result from 
slag and ash accumulation or flame shape and area. These 
possibilities will be considered further later in the paper. 


CORRELATION OF RESULTS 


A condensed summary of test data and of results necessary for 
correlation is presented in Table 6, which includes furnace heat 
absorption and furnace heat-absorption efficiency corrected to 
clean wall conditions by use of effectiveness factors from Part II. 

Relation Between Furnace Heat Absorption and Steam-Generat- 
ing Duty. To seek a possible explanation for the poor correlation 
between furnace heat-absorption efficiency and operating varia- 
bles for tests 3, 5, and 8, the furnace heat absorption calculated 
from the heat balance was compared with the heat required for 
steam generation. The heat absorbed by the steam was calcu- 
lated from the enthalpy of the saturated steam at drum pressure, 
the enthalpy of the feedwater, and the total steam-flow rate, 
corrected for the attemperator water flow rate. These calcula- 
tions were made from data reported in Part II, and the results 
are shown in Table 6 and Fig. 7. The heat required for steam 
generation is not equal to the furnace heat absorption for any of 
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the tests owing to a consistent amount of heat absorption by the 
screen tubes, by the rear surface of the division wall, and by ex- 
tended evaporating surface beyond the economizer. It is readily 
seen from the figure that the percentage of total evaporation 
occurring in the furnace is approximately 88.5 at full load, 90.0 
at three-quarters load, and 93.2 at half load. 

It will be noticed that good correlation occurs for all the tests 
except No. 8, suggesting the possibility that errors were made in 
the determination of heat absorption by the heat-balance data for 
this test. On the other hand, the good agreement for tests 3 and 
5 shows the heat-absorption determination to be as reliable as 
that for the other tests, and the lack of correlation of heat- 
absorption efficiency with operating conditions for these two tests, 
shown in Fig. 6, was probably due to slag and ash deposits, or 
peculiarities of flame size and shape. Accordingly, the heat- 
absorption efficiencies were converted to theoretically clean con- 
ditions for subsequent correlations by the use of “effectiveness 
factors” reported in Part II, and obtained by the method of 
Mumford and Bice.” 

Effect of Slag and Ash on Furnace Performance. The furnace 
heat-absorption efficiency, corrected to clean wall conditions, is 
shown in Fig. 8 as a function of operating conditions. The 
general trend of all the data was considered in constructing the 
figure. For example, the curve for operation with burners A-C 
at high load was located by test No. 1 only, in order that the rela- 
tive positions of the three lines representing different burner 
drrangements would be consistent with the relative positions of 
the three corresponding curves at medium load, Test 8 was not 
used because the comparisons made in Fig. 7 suggested that it 
may be less reliable than the other tests. The slope of the A-C 
curve at full load was established by the slope of the A-B-C 
line at the same load. Similarly, the other curves through single 
points were constructed in such a manner that their slopes would 
be consistent with the slopes of the more completely defined 
curves. It will be seen that the slopes decrease with decreasing 
load, that is, the effect of excess air on furnace heat-absorption 
efficiency is less pronounced at the low loads. 

Considerable improvement in correlation is noted for tests 3 
and 5, although there is no change in test 8, and test 2 shows 
poor agreement in contrast with the results shown in Fig. 6. 
This discrepancy for test 2 may have been introduced by the 
interpretation of the slag and ash data, which consisted of quali- 
tative descriptions of the amount and distribution of ash on the 
furnace walls, rather than quantitative measurements. The 
effect of burner arrangement shows better correlation, except at 
low loads, the heat-absorption efficiencies with mills A-B and 
with mills A-C being closer to each other and somewhat higher 
than the efficiency with all burners in service. At low loads, 
however, higher efficiencies are noted for burners A-C than for 
A-B, while for other load conditions the opposite is true. 

The relationship between the variables can, perhaps, be more 
simply represented by Fig. 9 which shows the effect of net heat 
available on furnace heat-absorption efficiency for different 
burner arrangements and values of excess air. Data used in the 
construction of the curves were obtained from Fig. 8. The lower 
portion of the figure shows the heat-absorption efficiency with 
different burner arrangements at a single value (24 per cent) of 
excess air, while the upper part gives corrections to be added for 
operation at any excess-air value within the limits observed in the 
tests. 

Data were available only at the points indicated and the 


“An Investigation of the Variation in Heat Absorption in a 
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Comparison and Correlation of the Results of Furnace Heat-Absorp- 
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load tests, it is necessary to consider the effect of flame emissivity 
shape, and area for an explanation. However, since these 
factors are not amenable to quantitative evaluation at present, 
their effect upon heat absorption in cases where the flame does 
not fill the furnace can be estimated only by empirical methods. 

Correlation Based Upon Radiant-Heat Transfer. Although 
several empirical equations have been proposed during the past 
50 years to serve as a guide in furnace design, and in predicting 
furnace performance, it is generally agreed that none is applicable 
in all cases, which arises from the fact that not all the variables 
are or can be considered. The Wohlenberg method" takes into 
account the largest number of fundamental and independent 
parameters, but its usefulness is impaired by the inability either 
to predict in advance, or to measure accurately on operating 
units, such factors as area, volume, and emissivity of luminous 
flames, and the deposits of ash on furnace walls. 

Nevertheless, certain empirical equations are useful for evaluat- 
ing furnace heat absorption in terms of experimental data, and 
if full cognizance is taken of their limitations, the effect of cer- 
tain variables can be more clearly interpreted. The simplest 
expression is that based on the Stefan-Boltzmann law, and pro- 
posed by other investigators.!*™ 

It is shown by Mullikin'’ that this is a rational treatment be- 
cause empirical corrections are not great for a diversity of fuel 
types and firing arrangements. 

The form of this expression used in the present investigation 
can be represented by the following equation 


“An Investigation of Powdered Coal as "uel for Power-Plant 
Boilers,"’ by Henry Kreisinger, John Blizard, C. E. Augustine, and 
B. J. Cross, U. S. Bureau of Mines Bulletin No. 223, 1923. 

18 “Evaluation of Effective Radiant Heating Surface and Applica- 
tion of the Stefan-Boltzmann Law to Heat Absorption in Boiler 
Furnaces,” by H. F. Mullikin, Trans. ASME, vol. 57, 1935, pp. 
517-529. 


FURNACE HEAT ABSORPTION IN STEAM GENERATOR, 


WILLOW ISLAND STATION 


q = durnace heat absorption, KB/(hr)(sq ft)" 

T, = mean temperature of gases at furnace outlet, deg R 
Tw = mean temperature of furnace walls, deg R 

k = constant 
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[2] 


Use of a mean radiant temperature between the adiabatic 
flame temperature and the exit-gas temperature is more desirable 
theoretically,'* but the furnace-outlet temperature is used in this 
study because of its greater convenience and because it is doubtful 
that pulverized-coal flames reach adiabatic temperature in com- 
mercial practice. 

Fig. 10 shows the furnace heat absorption, based on clean wall 
conditions, plotted against the fourth power of the absolute 
average temperature of the furnace-outlet gases. Although 
clean conditions did not actually occur in this investigation, it 
can be assumed that the same gas temperatures as observed in 
the tests could be maintained for clean conditions with a slightly 
greater heat-input rate without affecting the accuracy of this 
analysis. For comparison, the theoretical black-body radiation 
from a source at the average furnace-outlet temperature to clean 
furnace walls is also shown in the figure. For this comparison 
the walls were assumed to be at a uniform temperature of 1100 R, 
which is high enough to allow for the temperature drop through 
the wall tubes. 


“KB = 1000 Btu 

“Absorption of Heat by Walls of a Furnace,’ by John Blizard, 
ASME Furnace Performance Factors Pamphlet, May, 1944, pp. 79- 
82. Bound with vol. 66, Trans. ASME, 1944. 
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The data can be fairly well represented by straight lines 
through the origin, that is, the point corresponding to the wall 
temperature, if the low-load tests are not considered. The low- 
load tests do not fit as well as the others, possibly because con- 
vection heat transfer accounts for a larger portion of the total 
heat absorption at the lower loads, and the furnace-outlet tem- 
perature used is farther from the mean radiant temperature. In 
addition, the furnace-outlet temperature ahead of the screen, 
which was calculated from heat-transfer rates to the screen, may 
be slightly in error owing to varying amounts of ash deposited 
on the screen tubes. While this error may have a relatively 
small effect on heat-absorption efficiency, it could have con- 
siderable magnitude when raised to the fourth power. 

No distinction can be made in this figure between operation 
with mills A-C and operation with mills A-B, the data being 
insufficient and lacking the requisite degree of accuracy for any 
conclusions in this respect, but the difference between two-mill 
and three-mill operation is definitely indicated. 

It will be noticed that the unit heat-transfer rate is con- 
siderably less than that calculated for a black body at the 
temperature of the gases at the furnace outlet, as shown by the 
reference line in Fig. 10. If the curves through the test points 
be represented by Equation [2], the value of k for two-mill 
operation is 786 and for three-mill operation 588, both being 
considerably lower than the theoretical radiation constant. For 
a similar case, it was shown by Corey and Cohen® that this devia- 
tion was due primarily to a flame area appreciably smaller than 
the furnace-wall area. 

If the total heat absorption in the furnace is considered 


where Qy is the total furnace heat absorption and Aw is the 
area of the furnace walls. The total net radiation from the flame 
may be taken as one 


\' 
Qr = 1730 €pAp (4) 


where €, is the emissivity of the tlime, A, is the flame area, and 
1730 is the radiation constant, all in consistent units. Then, if 
the flame radiation is assumed equal to the furnace heat absorp- 
tion, Equations [3] and [4] may be equated giving 


€p(Ap/Aw) = k/1730 


For two-mill operation this ratio is 0.45. Since it is probable 
that the flame emissivity is less than 1.0 and, as stated previously, 
the area of the flame is considerably less than the area of the 
furnace walls, it is apparent that both €» and Apg/Aw will lie 
between 0.45 and 1.0. If a value of 0.9 is assumed for €¢ from 
Sherman’s data,’ the ratio of the flame area to the furnace-wall 
area becomes 0.50. For three-mill operation the value of 
€p(Ap/Aw) would be 0.34, with a corresponding area ratio of 
0.38. It was shown in a previous publication® that this area 
ratio would be even smaller if a inean radiant temperature had 
been used instead of the furnace-outlet temperature, 

The relative magnitude of the area ratios, Ap/Aw, when 
operating with two sets of burners and when all burners are in 
service, substantiates conclusions made earlier in the paper, that 
longer flames occur with two-mill operation and travel farther 
down into the lower portion of the furnace, consequently in- 
creasing flame area and volume. 

Although this study has been limited in scope, the results 
emphasize the fact that ash deposi's and flame path and volume 
are exceedingly important, and their consideration is essential in 
evaluating the heat transfer in furnaces. 


MAY, 1951 


SumMary AND CONCLUSIONS 

Furnace heat absorption was measured in a boiler furnace at 
Willow Island Station, W. Va., in co-operation with the ASME 
Furnace Performance Factors Committee, to provide basie data 
on furnace performance and to determine the relationship be- 
tween heat-transfer rates and the temperature drop through the 
wall tubes, the latter being determined concurrently by other in- 
vestigators. The furnace heat absorption was determined as the 
difference between the net heat input and the heat losses com- 
prising the sensible heat in the products of combustion and 
radiation and convection losses from the furnace casing. The 
sensible heat in the furnace-outlet gases was obtained from tem- 
perature and composition measurements, employing techniques 
developed by the Bureau of Mines for furnace testing. 

Because the lack of suitably located access doors prevented 
accurate determination of the average gas temperature ahead of 
the screen, it was necessary to calculate this quantity from a com- 
plete temperature survey of the gas leaving the screen and the 
computed heat-transfer rates to the screen tubes. 

Thirteen tests were made to determine the effect on furnace 
heat absorption of load, excess air, burner arrangement, and slag 
and ash deposits. Only two values of excess air were used at 
each load due to capacity limitations of the foreed-draft fans. 

The gas temperature at the furnace outlet varied considerably 
with position in all tests. Generally, the highest temperature 
occurred on the right side of the furnace outlet and the lowest on 
the left when symmetrical burners (A-C) were in operation. 
With other burner arrangements (A-B and A-B-C), the maxi- 
mum temperature occurred between the center and left side, and 
the minimum usually occurred between the center and right side. 
In several tests, particularly those with all burners in service, 
very low temperatures were observed near the division wall, 
which was ascribed to low gas velocities or eddy currents. Dis- 
regarding the low points at the division wall, the spread in the 
temperature of the exit gases varied from 200 to 460 deg F, the 
smallest occurring consistently in tests when mills A and B were in 
operation. It was concluded that the temperature-distribution 
patterns at the furnace outlet have a complex relationship with 
distribution of fuel and air to the burners, the velocity and path 
of the gas between the burners and the furnace outlet, and the 
location and extent of ash deposits on the walls. 

The excess-air distribution also varied considerably with 
position. The minimum values occurred to the right of the 
center when operating with burners at the center and one side 
(mills A and B) and on the left of the center for the other burner 
arrangements, The maximum spread in values of excess air 
occurred during the low-load tests and the spread was a minimum 
in the full-load tests, using symmetrical burner arrangement 
(mills A-C). The maximum excess air is not significant due to 
leakage of air near the walls. It was concluded that there was 
nonuniform distribution of fuel and air to the burners, but any 
condition tending to produce longer flames of higher velocity 
would improve mixing of the gases and result in more uniform 
oxygen content. 

Good agreement was noted, except for one test, between the 
furnace heat absorption calculated from heat-balance data and 
the heat required for generation of steam. Approximately 90 
per cent of the evaporation occurs within the furnace, excluding 
the screen. However, correlation of the heat-absorption effi- 
ciency with operating variables was unsatisfactory. Accord- 
ingly, the heat-absorption efficiencies were corrected to theo- 
retically clean wall conditions by the use of slag and ash effective- 
ness factors, which ranged from 0.84 at high load to 0.99 at low 
load. This procedure eliminated the effect of one variable and 
provided a more rational correlation. The maximum corrected 
furnace heat-absorption efficiency was 56.6 per cent at half load, 
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when operating with mills A and C and 24 per cent excess air. 
The lowest efficiency, 42.4 per cent, was obtained at full load with 
24 per cent excess air and with all burners in service. 

The furnace heat-absorption efficiency decreased with an in- 
crease of excess air in all cases, the decrease being more pro- 
nounced at the higher loads. For example, when the excess air 
increased from 14 to 24 per cent at full load, the efficiency de- 
creased from 49.4 to 45.4 per cent. However, at half load an 
increase from 24 to 34 per cent excess air caused a decrease in 
efficiency from 56.6 to 55.6 per cent. Pulverizers A and C were 
in operation in both cases. Although it is not entirely con- 
clusive, there is evidence that the effect of excess air on the heat- 
absorption efficiency is independent of the location of the burners 
in operation. 

The burner arrangement has the same effect on efficiency at 
both high and medium loads. For example, at 24 per cent ex- 
cess air, and at both load conditions, the efficiency with mills A 
and B is about 1.3 per cent higher than with A and C, and about 
3.6 per cent higher than with all burners in service. At half 
load, however, the heat-absorption efficiency is higher with mills 
Aand C than it is with mills Aand B. This may be due to greater 
importance of convection heat transfer at low loads. 

With all other conditions held constant, the heat-absorption 
efficiency decreased with increased values of net heat available, 
the relation being linear when burners A-C were used. With this 
burner arrangement, and with 24 per cent excess air, the efficiency 
varied from 56.6 to 45.4 per cent at unit net heat-input rates of 
38 and 74 KB per hr, respectively. 

The furnace heat absorption at medium and high loads was 
considerably lower than the theoretical radiation heat transfer 
from a black body with the area of the furnace walls and at the 
temperature of the gases at the furnace outlet. The actual heat 


absorption was 45 and 34 per cent of the theoretical radiation for 


two-mill and three-mill operation, respectively. It was con- 
cluded that these low values are due primarily to the flame being 
smaller in area than the furnace walls. If a flame emissivity 
of 0.9 is assumed, the ratio of flame area to wall area would be 
0.50 in the case of two-mill operation. If the true mean flame 
temperature had been used, the ratio would have been even 
smaller. However, the mean radiant temperature can only be 
calculated readily when the fuel burns adiabatically, and it is 
doubtful if this ever occurs in pulverized-coal-fired furnaces. 
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This study shows the feasibility of a relatively simple correla- 
tion of the furnace heat absorption with a single variable, that is, 
temperature of the gases at the furnace outlet, and how this cor- 
relation may be used to evaluate the effect of other factors, such 
as flame area and emissivity. However, this is an empirical 
treatment at best, based upon dependent variables, and indicates 
that, in predicting furnace performance, it is of paramount im- 
portance to understand more fully how fundamental variables 
control the flame shape, ash deposits, and furnace-outlet tem- 
perature. The fundamental variables include furnace geometry, 
firing method, burner location, and fuel and air distribution. 
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Furnace Heat Absorption in Pulverized- 
Coal-Fired Steam Generator, 


Willow Island Station 


Part II 


Variation in Heat Absorption as Shown by 


Measurement of Surface Temperature of 


Exposed Side of Furnace Tubes 


During the month of June, 1949, a series of thirteen fur- 
nace tests were conducted at Willow Island Power Station, 
a new plant on the system of The Monongahela Power 
Company, located at Willow Island, West Va. The test 
program was carried out under the auspices of the ASME 
Special Research Committee on Furnace Performance 
Factors, and represents the third in a sequence of field 
investigations undertaken by the committee for direct 
measurement of operating performance of commercially 
important furnace types, previous tests having been con- 
ducted at Tidd Station’ in 1945, and at Paddy’s Run Sta- 
tion‘ in 1947 and 1948. A companion paper’ describing 
the tests at Willow Island, deals with the measurement of 
over-all furnace heat absorption by heat-balance method. 
The present paper is concerned with supplementary and 
independent measurements of furnace heat absorption ob- 
tained from ial ther ples installed in the fur- 
nace wall tubes. 


O those familiar with the problems of furnace design it is 
apparent that the prediction of furnace heat absorption 
has not yet been resolved to a fundamental basis, nor to 
clearly rational methods of calculation. The need for proceeding 
in advance of rational) treatment calls for the use of empirical de- 
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sign factors which, in the past, have in some cases been very in- 

adequate, although there is much evidence that recent design 

has been greatly improved through the better knowledge of values 

accumulated by experience and by test measurements compara- 

ble to those now being developed by the committee. Procure- 
ment of such data requires the use of special instr mentation and 
rocedures which are not commonly available nor appreciated 
nd which, in fact, are still in need of improvement. 

Because of this situation, the committee has undertaken the 
program of developing such methods, and of measuring the per- 
formance of full-scale operating units in order to make these data 
available to the profession as a step toward practical advancement 
of the art of boiler-unit design, and to afford better ground work 
for an ultimate rational solution of the problem. 

In a steam-generating unit the furnace structure serves not 
only as a boundary of the combustion space, but in present-day 
design, comprises a major portion of the steam-generating sur- 
face, and performs the important function of reducing the tem- 
perature of combustion products to acceptable values for en- 
trance to the superheater. With close limitations on final steam 
temperature, it is apparent that the proportioning of heat- 
absorbing surface of furnace and superheater is critical, and 
that deviations in the functioning of either of these components 
must be accounted for quantitatively and provision made for 
positive compensation in the daily operation of the unit. 

For this series of tests a plan of operation was outlined which 
would include the effects of major controllable tactors such as 
variation of load and excess air, with various practical combina- 
tions of burners in service. The more obscure and less controlla- 
ble factors of ash behavior were observed and noted as qualifying 
features of the tests. 

Over-all measurement of furnace heat absorption was ac- 
complished by the well-known heat-balance method, based upon 
traverses showing gas composition and temperature at the fur- 
nace outlet as reported in a companion paper, Part | of this 
report.® 

Supplementary tests, showing the distribution of turnace heat 
absorption, were made by completely independent means of 
measurement, using a ‘‘sampling”’ arrangement of special thermo- 
couples, installed in the furnace-wall tubes in such a manner that 
the temperature drop through the tube metal could be evaluated, 
at least relatively, in terms of heat flux. The present paper, 
Part II of the forma! report, deals with this phase of the Willow 
Island tests, and includes further correlation of data from the 


*“Comparison and Correlation of Results of Furnace Heat- 
Absorption Investigations,” by A. R. Mumford and G. W. Bice 
Trans. ASME, vol. 70, 1948, pp. 601-614. 
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two methods of measurement. Consideration is also given to the 
effects of ash deposits, making use of the S-A factors developed 
in an earlier committee report.* 


Description OF EQuipMENT 


The boiler on which tests were conducted is a component part 
of the 40,000-kw single-boiler single-turbine initial installation 
at Willow Island Station, and was first placed in service Febru- 
ary 20, 1949. 

This unit, illustrated in Fig. 1, was designed for a steam-gener- 
ating capacity of 500,000 lb per br at 1350 psi and 950 F at the 
superbeater outlet, with feedwater temperature of 416 F to the 
economizer. It is equipped with a completely water-cooled 
hopper-bottom furnace and is direct-fired by three pulverizers 
serving six multitip intertube burners located in the furnace 


Fre. 1 


Sipe Sectionan View or Wittow 


roof, and firing downwardly. The products of combustion leave 
the furnace by way of a bank of wide-spaced screen tubes and 
enter the convection superheater and economizer pass in verti- 
cally upward flow, then passing to a tubular air heater with gas 
flowing downward through the tubes and being delivered to a 
mechanical dust separator, induced-draft fan, and stack. Air 
from the foreed-draft fans, after making four passes over the 
air-heater tube bank, is delivered as preheated air to the burner 
wind box at the top of the furnace. Preheated air and cold 
tempering air are supplied to the pulverizers, in controlled pro- 
portions, for drying the fuel. 

Feedwater, entering the lower header of the economizer, is de- 
livered with upward flow to the main steam drum. Saturated 
steam from the drum enters the upper header of the primary 
superbeater, and flows countercurrent to the gases, leaving at 
the lower header and passing to the attemperator where feed- 
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water, in the form of direct-contact spray, is used for interstage 
temperature regulation. Steam from the attemperator enters 
the lower header of the secondary superheater, passing through 
two loops of widely spaced elements and then through the re- 
maining bank of closely spaced elements in parallel flow with the 
gases, to final discharge from the upper header of the secondary 
superheater. Final steam temperature is controlled by the 
amount of water used in the spray attemperator. Attemperating 
water is metered separately, but is included as an integral part 
of the total metered quantities of feedwater supply and super- 
heated-steam output of the unit. 

Raw coal from the plant bunker is delivered through automatic 
scales to three pulverizers, each of which serves two of the six 
burners arranged in a single row across the width of the furnace 
roof. The pulverizers are designated A, B, and C, as read from 
right to left and later referred to in this report. Pulverizer 
capacity is designed to permit operation of the furnace at tull 
load with one pulverizer out of service. 

In general dimensions the furnace is 25 ft inside width between 
vertical side walls, X 75 ft height between burners and hopper 
throat, with a depth of 22 ft from front wall to division wall in 
the upper part of the furnace, and 36 ft from front wall to rear 
wall of the lower part of the furnace. The hopper floors are 
sloped at an angle of 55 deg from horizontal. 

Furnace construction consists of 3-in-OD bare water-cooled 
tubes on 3-in-center spacing in the four vertical walls and sloping 
hopper floors. Roof tubes are 3 in. OD, spaced on 6-in. centers, 
with flat-stud construction, forming a closed surface external to 
the wind box. The furnace-outlet screen is arranged in two stag- 
gered rows of two tubes each on 12-in. lateral spacing. Convec- 
tion pass side walls and rear wall are water-cooled by tubes on 
6-in. centers, backed by tile. Tubes of the division wall are ar- 
ranged to form a small bank of generating surface at the top of 
the convection pass. 

Retractable soot blowers are installed at the cavity spaces 
below and above the secondary superheater. No wall-cleaning 
blowers are provided in the furnace. Inspection or lance doors 
are located at three elevations at the corners of the furnace proper 
and at five positions across the rear wall above the furnace outlet 
screen. All test traverses of furnace-exit-gas temperature were 
taken at this latter set of doors. | 


Waut-Tuse THermocourLes 


Furnace-wall-tube thermocouples were installed during the 
course of erection of the new boiler unit. The pattern of thermo- 
couple location is shown in Fig. 2, wherein the wall areas are 
represented as an unfolded or developed figure as viewed from 
the inside of the furnace. A total of 124 thermocouple stations 
are indicated, and these were connected by external lead wires 
to a Leeds and Northrup Speedomax recorder equipped with the 
special selector switch bank, used on previous committee tests, 
which permitted scanning the entire group of couples in approxi- 
mately 24-min cycles. Thermocouple designations, used in Fig. 
2, represent the corresponding printing points on the recorder 
chart. 

The general pattern of thermocouple pl t was intended to 
provide a sampling of the furnace-wall areas for measurement 
of, and to show the-distribution of, heat-absorption rate. Some 
departure from previous practice was made in the type of ther- 
mocouple used for this purpose, in deference to the method de- 
veloped by the boiler manufacturer for tube-thermocouple instal- 
lation. Details of the thermocouple used are illustrated in Fig. 
3. In this method, the thermocouple hot junction is formed by 
separately peening 22-gage chromel and alumel wires into 
notches cut by a sharp chisel in the tube surface center line ex- 
posed to the furnace. The Fiberglas insulated wires are extended 
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through a series of holes, drilled as chords in the metal of the tube 
wall, to a point of suitable exit on the shielded side of the tube. 
At each intersection of chord-drilled holes the small cavity space 
was packed with refractory cement, and in final assembly the 
tube surface presented a smooth uninterrupted contour on which 
the presence of the thermocouple could scarcely be detected. It 
is considered that the location of the effective hot junction is one 
wire diameter beneath the outer surface of the tube. 

In addition to the chord-hole couples, installed at all designated 
stations, six comparison couples of the guard-ring type, as used 
in previous committee tests, were also installed for a check of 
their comparative readings. These were placed on tubes adjacent 
to the normal couples at the locations shown by identifying sym- 
bols in Fig. 2. Details of the guard-ring couple in this relative 
position are also illustrated in Fig. 3 and are described in litera- 
ture references cited.’ 

As a further part of the study, special depth couples, illustrated 
in Fig. 4, were also installed at six different locations for the 
measurement of temperature gradients through the tube metai. 

Results of comparative data from the several types of couples 
will be discussed in a later section of this report. 

Throughout the test the recorder and switch bank operated 
in a dependable manner and consistent readings were obtained 
from practically all of the thermocouples involved. Two ther- 
mocouple failures were noted on the lower part of the division 
wall which could not be corrected during operation, and data 
from these areas had to be abandoned. 

Two thermocouples for the measurement of saturation tempera- 
ture were installed as surface-peened couples in the side-wall 
tube extension above the furnace roof at an elevation approxi- 
mately 3 ft below the center line of the boiler drum. 


Meruop or Test 


During the four-month period following initial start-up, this 
unit remained in continuous service, with the exception of two 
24-hr planned outages, carrying the entire station load at rates 
slightly in excess of design capacity through the day, and dropping 
to half or three-quarter load at night and on week ends, in ac- 
cordance with system demand. 

A log of operation covering the test period in June is shown in 
Fig. 5. It was planned to hold steady load for test measurements 
at low, intermediate, and full capacity, under the conditions of 
low, intermediate, and high values of excess air, in order to show 
the effect of these factors throughout the available range. Be- 
cause the design permitted full load to be carried on two of the 
three pulverizers, as an expected method of operation, further 
tests were scheduled to show the influence of different pulverizer 
and burner combinations. For the standard basis of testing, the 
use of pulverizers A and C woes adopted, since this appeared to 
represent a balanced condition between the two sides of the fur- 
nace. Supplementary teste were run with the combination of A 
and B pulverizers, and also with the ABC pulverizers and burn- 
ers in service, 

Test periods are identified by number in Fig. 5, and the scheme 
of operating conditions is indicated at the right side of the figure. 
Fan capacity limited the attainment of high excess air at full 
load, and the test with low excess air at half load was omitted 
because of anticipated unsteady conditions at the burners. Ac- 
complished tests are grouped in the figure according to pulverizer 
combinations used. 

Before the start of each test, soot blowers were operated in the 
screen and convection pass, and excess-air adjustments were 
stabilized and checked by gas-analysis traverse at the economizer 


7 “Thermocouples for Furnace Tube Surface Temperature Meas- 
urement,” by C. G. R. Humphreys, Combustion, vol. 16, December, 
1944, pp. 53-55. 
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outlet. No deliberate cleaning of the furnace walls was under- 
taken inasmuch as mechanical facilities for this were absent, and 
no practice of hand-lancing the furnace walls had been established 
nor found necessary. Natura] shedding of ash from wall areas 
took place at various times and to varying extent in normal opera- 
tion and with changes in load. 

The scheduling of load sequence was co-ordinated with station 
and system requirements, and was affected by the occurrence of a 
coal strike during the period. Tests 1 and 2 were run with 
normal coal supply from the Pigott mine, Harrison County, West 
Va.; tests 8 to 13 with coal from stripping operations, Consolida- 
tion No. 32, Harrison County, and tests 3 to 7 with mixtures of 
the two. No conspicuous effects of these changes of fuel were ap- 
parent. 


Mernop or 


As in previous committee tests, it was considered that the AT 
elevation of tube-surface temperature above the saturation tem- 
perature of boiling liquid within the tube afforded a means of 
determining heat-fiow rate at the local point of measurement, and 
that, with a sufficient number of measuring points, the pattern of 
distribution, as well as total furnace absorption, might be gaged. 

With the recorder printing at 12-sec intervals, a complete 
survey of all thermocouples was made in approximately 24 min. 
Official time periods for the individual tests were taken from the 
chart record corresponding (to the nearest cycle) to elapsed time 
required for completing the gas-temperature traverses at the 
furnace outlet. On this basis, approximately twelve sets of read- 
ings were obtained for each test, of which the averaged values of 
AT for each point are recorded in Table 2. The recorder was 
kept in nominally continuous service, however, for the purpose 
of recording significant changes which might occur in normal op- 
eration of the furnace. On several occasions during nontest 
periods the switching mechanism was set for continuous record of 
a single thermocouple to permit observation of the range and 
frequency of temperature variation. 

Tube surface temperatures were converted to AT equivalents 
by subtracting chart-recorded values of saturation temperature. 
To the average of these a somewhat arbitrary correction of —0.7 
deg F was then subtracted as adjustment for static head differ- 
ence between the mid-elevation of the unit and the location of 
saturation thermocouples. Resultant A7’ values were expressed 
to the nearest whole degree and are tabulated in Table 2. 

For the complete furnace, a numerical average of all AT’ values 
was used, considering that all thermocouples represented equal 
increments of wall area, except that double weighting was given 
to the three division wall couples at elevation 681 to allow for 
that portion of the division wall area in which thermocouples 
had failed, and an addition of three hypothetical points was ap- 
plied to represent the large area of rear wall at elevation 648 
where structural interference prevented the installation of thermo- 
couples, values for these being taken as the average of actual 
readings obtained from rear-wall couples at elevations 641 and 
657. No thermocouples were installed in the screen tubes at 
furnace outlet; in all further use of the furnace average AT test 
values, it is tacitly assumed that the screen area is represented 
by the furnace average AT’ value. 

Survey patterns of AT values are shown for each test in Figs. 
6 to 18, inclusive, together with a graphic record of ash deposits 
on furnace-wal] surfaces as interpreted from notes made during 
visus! inspection in the course of each test. The code used for 
description indicates nature of deposit, ie., L = liquid, P = 
plastic, S = sponge, and shows estimated thickness and per cent 
of area covered. Where no designation is shown, the tube sur- 
faces were nominally clean or coated with a light dust deposit. 

‘ollowing the practice of previous reports, these data have been 
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analyzed further by plotting the profile of average AT’ values 
for bands taken at. different elevations of the furnace as shown 
graphically in- Figs. 19 to 29, inclusive. The analysis has been 
extended to include profile plots of calculated surface effective- 
ness for these bands, which give a further concept of the location 
and effect of ash deposits, and aid in comprehending the pattern 
of AT distribution. 

Level average AT values were similarly calculated as numerical 
averages, using the data for each separate elevation of thermo- 
couple placement. No weighting of areas was incorporated in 
this calculation, although it is important to note that the bands 
in the lower portion of the furnace represent nearly twice the area 
of those in the upper portion. Estimates of A7’ were made for 
those sections of division wall and rear wall where thermocouples 
were absent. The furnace-outlet area was not included in this 
level-average treatment of the data. 

In a first appraisal of the AT’ profiles, it became apparent that 
conditions, other than the controlled factors of load and excess 
air, were exerting important influence, and an effort was made to 
show in a more quantitative manner the occurrence and magni- 
tude of ash in related zones of the furnace. 

Evaluation of wall cleanliness or surface effectiveness factor 
was calculated by the method proposed by Mumford and Bice* 
and is based upon the estimated values of ash coverage and thick- 
ness shown in Figs. 6 to 18, inclusive. In that method it is con- 
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sidered that clean wall surface, as a standard of refi , has a 
heat-absorbing effectiveness of 1.0, and that ash deposits of in- 
creasing extent or thickness decrease the heat-absorbing effective- 
ness of the surface to lower values. Using their range of factors, 
as reproduced in Table 3, the S-A (slag-ash) factor of each incre- 
ment of wall area was calculated in accordance with the method, 
and these increments were then combined for evaluation of the 
several level averages and for the over-all furnace effectiveness 
factors shown in the figures. 


TABLE 3 8-A (SLAG-ASH) FACTORS 
A 
thickness of 


8A 
slag or ash multiplying 
deposit, in. factor 


0 to 1.0 
to 0.7 
0.5 
1 and over 03 

Detailed study of the figures indicates that as a normal charac- 
teristic, ash deposits were present upon the front-wall and side- 
wall areas adjacent to the zone of active combustion, where flame 
from the burners swept the wall surfaces. Less ash was deposited 
on the division wall. Roof surfaces and side walls adjacent to the 
roof remained relatively clean, and the lower portion of all walls 
including the hopper slopes were essentially clean, being covered 
by a nominal coating of dust. 

In general, the higher A7’ values occur in the combustion zone, 
but some patterns show included areas of low AT, attributable 
to ash deposits. In the areas of clean surface a more regular 
pattern of isotherms is observed, having fairly consistent correla- 
tion with load and other operating conditions, but being in- 
fluenced by ash on surfaces preceding them in the path of gas 
travel. 


Discussion AND CORRELATION OF RESULTS 


As grouped according to the conditions of load, excess-air and 
burner combination, it is apparent that the effects of ash materi- 
ally distort any simple comparisons which might be drawn from 
this limited number of tests, and in some cases appear to exceed 
the effects of the controlled primary factors. The following gen- 
eralizations seem justified, however: 


(a) Increased load increases the maximum rate of heat ab- 
sorption, and markedly increases absorption of the ash-free lower 
portions of walls and hopper section. | 

(6) The effect of change in excess air is obscure, but may simi- 
larly increase the proportion of heat absorbed in the lower part 
of the furnace. 

(c) Use of all burners ABC transfers more duty to the upper 
part of the furnace, while the opposite effect is indicated for the 
unbalanced arrangement AB. 


The AT method of measuring furnace heat-absorption rate, 
as here employed, is conspicuously open to question as to its 
absolute or quantitative accuracy, for many reasons, as noted 
by previous investigators.*** Chief among these questions are 
(a) the sampling accuracy of localized temperature reading, 
at the tube center line, as related to the full contour of the tube 
and to the extent of wall areas served by each measuring point; 
(b) the large error in heat-fiux equivalent for small errors in tem- 
perature measurement; (c) the pronounced effect of ash deposits 
in shielding local areas. Nevertheless, the ability to use this 
too], with due allowance for its shortcomings, permits a break- 
down of the over-all performance into smaller increments which 
are revealing in nature and provide insight into the underlying 
factors affecting general performance. The method of testing, 
therefore, becomes a fitting supplement to other methods and 
provides a basis for cross-check of results. 
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The heat-balance method, as reported in Part 1°, is likewise 
subject to inherent and experimental inaccuracies, but appears 
to be more definitely adjustable to absolute values, and has been 
adopted here as the criterion or basis for comparison. 

Inasmuch as the furnace-wall areas of this unit comprise nearly 
all of the total generating surface, a further independent means 
of cross-checking the consistency of test results was made availa- 
ble by calculating the “steam-generating duty” of the unit from 
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metered quautities of steam output, corrected for attemperator 
for. and the change in enthalpy from water entering the drum to 
steam at saturated condition. 

Data from the AT’ measurements are plotted against each of 
these references in Figs. 30 and 31, and show remarkably good 
correlation or consistency among the individual test runs. 

Empirical values of U,, the over-all conductance coefficient 
from tube surface to boiling liquid, as calculated from the heat- 
balance measurement of total furnace absorption, are plotted in 
Fig. 32, and show a similarly good correlation. These values 
were calculated by the equation 


Total furnace absorption (Btu per hr) 
8782 (sq ft) < furnace average AT (F) 


Excluding test No. 8 the deviation is within plus and minus 4 per 
cent of the average 755 Btu per (hr) (sq ft) (deg F). 

Direct calculation of over-all conductance, from tube outer 
surface to boiling liquid, involves several factors not clearly es- 
tablished for which values must be assumed. These include the 
following: 

(a) Actual thickness of tube wall. 

(b) Location of thermocouple with respect to tube surface. 

(c) Conductivity of tube material. 

(d) Conductance at the inner surface of the tube. 

The general relationship is shown by 

Uy Us k 
and Uy = — 
Uy + U R 

M s R loge 


= 


where 
U, = over-all conductance, tube surface to boiling liquid, 
Btu per (hr) (sq ft) (deg F) referred to outer surface 
Uy = conductance of tube wall, Btu per (hr) (sq ft) (deg F) 
U, = conductance at inner surface, Btu per (hr) (sq ft) (deg 
F) 
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k = conductivity of tube metal, Btu per (hr) (sq ft) (deg F/ 
in.) 

R_ = radius, center of tube to outer surface or TC location, 

in. 
r = radius, center of tube to inner surface, in. 

For a tube 3 in. OD and 0.240 in. specified thickness we have 
assumed, for mil] tolerance, an actual thickness 15 per cent 
greater, and an ID of 2.45 in. With the chord-hole thermocouple 
embedded 1 wire diam (0.0253 in.) beneath the outer surface, the 
effective radius at thermocouple location is 1.4747 in. In pre- 
vious reports, K has been taken as 348 Btu per (hr) (sq ft) (deg 
F per in.), whereas the ASM value for SA-210 steel at 650 F is 
given as 300. Recognizing the significance of this factor, both 
values of U, have been calculated for comparison as shown in 
Table 4, using the previously assumed value of 5000 Btu per (hr) 
(sq ft) (deg F) for film conductance at the inner surface. 


f 
TABLE 4 CALCULATED WALL-TUBE CONDUCTANCE 
1.4747 
1.224 
1097 
5000 
901 


It will be noted that the test average of 755 Btu per (hr) (sq 
ft) (deg F) is appreciably lower than either of the calculated 
values, which lack of agreement may perhaps be attributed to 
inexactness of measurement or to other factors involved in the 
assumption that the center-line couples are representative of the 
equivalent flat projected area of the walls. 


CoMPARISON OF THERMOCOUPLES 


As stated previously, the type of thermocouple used for general 
furnace survey of this unit was of the chord-hole type illustrated 
in Fig. 3. With this type of couple, no projection nor disturb- 
ance of the normal surface contour of the tube is created by the 
measuring device, upon which localized deposits of ash might 
tend to lodge or accumulate. In this respect, the chord-hole 
thermocouple differs from the guard-ring type used in previous 
committee tests, and it has been expressed by the authors of those 
papers that some question might exist in regard to the repre- 
sentative measurement of temperature by the guard-ring thermo- 
couple employed. 

For the purpose of comparing the two thermocouple types, 
guard-ring thermocouples were installed in the Willow Island 
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furnace at six locations as designated in Fig. 2. It was agreed 
that these comparison couples should be placed upon adjacent 
tubes in order that neither couple should influence the reading 
of the other, and considering that for a given location in the fur- 
nace, no distinct differences need be expected between similar 
tubes at 3-in. center spacing. 

A first attempt at comparison was made upon the statistical 
basis of plotting average values of AT’, for each formal test pe- 
riod, of all six pairs of couples, as shown in Fig. 33. On such 4 
basis there might perhaps be drawn a general average factor of 
relationship indicating lower values for the guard-ring type, but 
it is disturbing to note the great scattering of points that occurred 
between individual couples, in such close proximity to one an- 
other, either of which might be acceptable as a test point of 
sampling the wall. To further explore this question, we, there- 
fore, made use of the continuous chart record of tube tempera- 
tures during operating period other than prescribed tests and con- 
tinuing through load changes and shedding of ash from the walls. 

Studies were made for each of the various localities in the fur- 
nace where comparative couples were installed. One of the most 
revealing examples is illustrated in Fig. 34, showing the tempera- 
ture record of thermocouples 1-6 and 1-7 on the right side wall 
during the three days from June 9 to June 11, which period of 
time included tests 1 and 2. 

Scrutiny of this chart will indicate that prior to test No. 1, the 
chord-hole surface couple showed a reading 20 deg higher than 
its companijon guard-ring couple, but exhibited a slowly declining 
value in the course of the test until a period of exact agreement 
occurred after about 12 hr. This continued for 4 hr, to the point 
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of drop in station load, when the difference between readings was 
reversed by approximately 4 deg. At the lowest point of load, 
when one might expect minimum readings on both thermo- 
couples, a sudden increase occurred in both readings, and a dif- 
ference in temperature of 20 deg is again re-established between 
the two, with higher values indicated by the chord-hole couple. 
Upon resuming full load rating at 5 a.m. on June 10, both 
couples again show abrupt increase in value, followed by a more 
or less rapid decrease, until both couples are again at the same 
reading near the end of test 2, and subsequently, reverse this dif- 
ference by a matter of about 2 deg, which is held persistently for 
8 hr, when upon drop in load both couples again reach higher 
values and show a consistent spread of 10 deg between their 
readings, the chord-hole couple being at the higher tempera- 
ture. 

Our interpretation of this sequence is as follows: 

During the early part of June 9, and throughout the course of 
test 1, ash was accumulating upon the chord-hole thermocouple 
to the point of equaling the ash that existed upon the guard-ring 
couple on the adjacent tube. It might be assumed that ash ac- 
cumulation had reached a point of equality on the two tubes at 


this time, although no direct evidence of that condition is at 
hand. With decrease in load, the temperature of both couples 
diminished, but upon reaching the lowest point of load, ash was 
shed from the wall, exposing both couples and causing the sudden 
rise in temperature of each. This cleaning action appears to 
have been more complete on the smooth chord-hole couple than 
upon the guard-ring couple, resulting in a fairly high difference 
between them, which difference was further increased at the 
time of load pickup at 5 a.m. on June 10. 

With continued full load on the furnace, ash accumulation on 
this area again took place and, during the course of test 2, at- 
tained the condition of complete coverage of both couples, per- 
sisting throughout the remainder of full-load operation on June 
10. With the drop-in load at midnight, shedding of ash from 
the wali again took place, exposing both couples, in a nominally 
clean condition, to radiation from the furnace at a rating lower 
than the previous night load. 

Conclusions which might be drawn from this example are that 
the AT’ values shown by either type of couple are subject to wide 
variation caused by ash deposits, and that the guard-ring couple 
tends to indicate lower values than the chord-hole type, possibly 
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because of ash retention at the local point of temperature meas- 
urement, 

Two examples of comparison couples, located in the lower por- 
tion of the left side wall, where surfaces were normally free from 
ash accumulation, are shown in Fig. 33. Here, the agreement 
of the thermocouples was quite consistent for all tests; in the one 
case the chord-hole couple reading approximately 5 deg higher 
than the guard ring, while in the other case the chord-hole 
couple was approximately 3 deg lower than the guard-ring type. 
A detailed plot of temperatures for the second pair is shown in 
Fig. 35, which indicates close agreement and similar response of 
both couples to load change or other major influences in furnace 
operation 

It may well be argued that in «a dry-ash furnace, where no true 
+quilibrium point of ash deposit is attained, there is opportunity 
for radically different rates of heat absorption to occur at local 
points of adjacent tubes, or along the length of the same tube 
depending upon the shadowing influence of scattered ash deposits 
as they are prone to exist in this type of furnace. For the 
cleaner zones perhaps no choice exists between the two types of 
thermocouples. For the zones susceptible to ash accumulation, 
we believe that the chord-hole type is more likely to be represen- 
tative of the normal furnace wall. 


GRADIENT THERMOCOUPLES 


For further study of the AT method of measurement, special 
depth thermocouples were installed at seven locations shown in 
Fig. 2 and illustrated in Fig. 4. The hot junction was placed 
at measured depth beneath the surface of the tube, in close rela- 
tion’to the chord-hole surface couple so that the two would func- 
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tion as a pair, to measure temperature gradient in the metal of 
the tube wall. The chronological record of one of these couples 
(1-20) is plotted in Fig. 35. 

Temperature gradients indicated by each of the pairs are 
shown in Fig. 36. Test average values of AT are plotted against 
thermocouple position within the tube wall, the latter being cal- 
culated as equivalent length (Le) to adjust for the radial path’ 
of heat flow and permit gradients to be drawn as straight lines! 
through the test points. Equivalent length (Le) = R loge (R/r). 
Positions of the thermocouples are based upon assumptions that 
the effective hot junction exists at the center of the wire; that the 
center of the surface couple is embedded 1! wire diam beneath 
the tube surface; and that the depth couple is correctly repre- 
sented by the depth of chord hole as measured in the field at the 
time of installation. Unfortunately, no measurement of actual 
tube-wall thickness, at the points of application, was undertaken 
at that time. The probable location of inner surface is shown on 
the chart by two lines, one representing specified thickness and 
the other representing 15 per cent excess thickness of tube wall. 

It will be seen from Fig. 36 that the temperature-gradient lines 
exhibit general convergence toward the inner surface, showing in- 
tercepts in fairly close relation to saturation temperature. The 
slope of the lines is proportional to rate of heat flow, and the 
point of convergence is in reasonable relation to the probable 
thickness or inner surface of the tube. 

Considerable study has been given to these temperature-gradi- 
ent data, in the hope of deriving values of inner surface conduct- 
ance (Us) which might be used in quantitative calculation of 
over-all furnace absorption by the AT method. It was concluded 
that they provide general confirmation of high values, but that 


152 
CHORD-HOLE T.C. |-7 
ere 
660 
| GUARD-RING 
TC. I-6 ~~ he 
* 640 
630 
4, 
4 
580 
TEST TEST | STEAM 
/ 
a, / 
400 VY yyy Yyyryyyyf 
| 
| me 
: 
| 
ie 
| 
i 


ELY, TWYMAN—FURNACE HEAT ABSORPTION IN STEAM GENERATOR, WILLOW ISLAND 


HOLE 
T.C I-19, 


LL 


10-49 6-11-49 


LL 


Li, 


Fie. 35 


lack of precision in measurements and variations caused by time 
interval between readings in unsteady-state conduction, as well 
as the possible effects of localized ash deposits, prohibit authentic 
evaluation of this item. The measurement of temperature gradi- 
ent is shown to be practicable, and can be expressed in terms of 
heat-transfer rate, qualified by the consideration that it repre- 
sents the localized position at tube center line where the ther- 
mocouple hot junctions were placed. 

For future work it is believed that improvement can be made 
in thermocouple application. Even with the present coarse in- 
dication, the gradient readings are capable of detecting the pres- 
ence of internal scale, or deposits having positive thermal resist- 
ance which might lead to overheating of the tubes, and thus 
provide the operator with a means for checking internal cleanli- 
ness conditions in high-duty zones of the furnace. 


CONCLUSIONS 


Measurement of furnace performance is simple in principle, but 
difficult of attainment, partly because of physical size, limited 
accessibility, and dependence on the sampling of large quantities; 
partly because of problems encountered in taking measurements 
at high temperature with accuracy, and partly because of diverse 
and intangible factors which can exert important influence upon 
the over-all performance, but yield only to statistical or indirect 
evaluation. 

For lack of an absolute standard, the most acceptable basis for 
appraising test results is by correlation with major variables 
and by judging the trends and consistencies shown among individ- 
ual test points. Validity is enhanced when points can be re- 
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produced by check test under the same operating conditions, and 
is further enhanced when agreement can be indicated by other 
measurements obtained through independent means or methods 
of approach to the problem. 

The generally good consistency of AT values, plotted against 
heat-balance data on over-all furnace absorption, is gratifying 
in this respect, as is the similarly good agreement of both meth- 
ods with the independent calculation of steam-generating duty. 
Less satisfaction can be taken from the disagreement between 
tests lL and 8 which were intended to be duplicate runs under simi- 
lar operating conditions. 

While the effects of heat release, excess-air, and burner com- 
binations are of primary importance, it is obvious that ash de- 
posits on the absorbing surface impose a fourth factor of great 
significance, which should be quantitatively taken into account, 
both for appraisal of test data and for consideration in future de- 
sign. 
The use of (S-A) and effectiveness factors is a partial recogni- 
tion of this variable, and has been employed for conversion of 
test results to the hypothetical “clean-furnace” condition, from 
which other factors might be more logically compared. While 
this fails to account directly for the self-compensating effects of 
increased heat absorption by clean surfaces following the ash- 
covered areas, it makes quantitative adjustment for gross differ- 
ences in furnace cleanliness and shows an improvement in the 
correlation of test points of furnace heat-absorption efficiency, 
as plotted in Fig. 8 (Part 1).* 

No conclusive explanation is apparent for the discrepancy be- 
tween tests 1 and 8. From a comparative study of Fig. 7, (Part 
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I),* and Figs. 30 to 32, inclusive (of this paper), it would seem 
that the AT value for test 8 is confirmed by the independent cal- 
culation of steam-generating duty, whereas the heat-balance value 
of furnace absorption is high. The difference of 3.7 per cent in 
furnace heat-absorption efficiency is equivalent to 145 deg gas 
temperature at the furnace outlet, which seems too large to be 
ascribed to error in actual measurements, but might possibly be 
attributed to weighting of the traverse points. 

Testing procedures would have been improved by including 
measurements of gas-mass-flow distribution at the furnace outlet 
for more accurate weighting of heat capacity of the gas stream. 
The exclusion of traverse position No. 5, in calculating average 
gas temperature, is an approximation of such weighting and 
seemed to be justified in most instances, by studies of the gas- 
temperature pattern at the rear of the division wall. Inclusion 
of all traverse points in the average for tests 1 and 8 would reduce 
the discrepancy to half of its present value. 

Conclusiveness of results would be improved by procuring a 
greater number of check tests to show reproducibility of perform- 
ance for a specified operating practice, or to measure the range of 


deviation which might occur with changes in the uncontrolled 
factors. 

In general, the tests disclose a characteristic performance of 
decrease in furnace heat-absorption efficiency with increase of 
load and with increase of excess air, and show higher temperature 
of gases entering the superheater when using al] burners or an un- 
balanced combination of two sets of burners. 

The AT method of measuring furnace performance, when cali- 
brated by the more quantitative heat-balance test, appears to 
give consistent measurement of furnace heat absorption, and of- 
fers a ready means for procuring further analysis of trends in 
day-by-day performance, or the effects of change in fuel charac- 
teristics or operating practice. 
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G. W. Bice.!’ The authors of both parts of this report are 
to be complimented for the excellent papers produced. There 
is no doubt that the data presented, together with their skillful 
analysis, will represent a valuable addition to the slow but steady 
accumulation of reliable data on the performance of large pul- 
verized-coal-fired steam-boiler furnaces. 

The very real need for such basic information by both boiler 
manufacturers and operating companies cannot be questioned, 
at least until such time as specified superheater and reheater 
outlet steam temperatures can be obtained on every new unit 
without the need to resort to field alterations in order to correct 
for erroneously estimated furnace heat-absorption values. 

There is no indication in the text of Part II that any attempt was 
made either to confirm or to re-evaluate the S-A (slag-ash ) factors 
developed during the Tidd tests.* | Data such as those illustrated 
in the steady-load portions of Fig. 34 of Part II, together with 
corresponding estimates of slag or ash thicknesses at the thermo- 
couple location, afford an excellent opportunity for check- 
computation of SA factors. It is suggested that the data and 
furnace observation reports be re-examined with a view toward 
obtaining as many such check points as possible. Because of 
the empirical nature of these factors, a large number of points 
obtained by different observers on different furnaces will be 
necessary before they can be accepted as reasonably accurate 
and generally representative of bare-tube furnace-wall surface. 

In examining the furnace-performance data, and adding them 
to those previously obtained at Paddy’s Run* and Tidd,*‘ the 
question might be asked: “Is any information of immediate 
practical value available from these studies?” The answer 
should certainly be in the affirmative. For one thing, it is 
obvious that furnace heat absorption (and indirectly super- 
heater and reheater absorption) is controllable within certain 
limits by adjusting the following specific variables: (1) Excess 
air; (2) furnace-wall cleanliness; (3) burner flame geometry; 
(4) load. 

The use of high excess air to increase superheat (through 
decrease of furnace heat absorption) has been widely used for 
many years and is, therefore, nothing new to either boiler manu- 
facturers’ service engineers or users’ operating engineers. Data 
on variable excess air obtained during these furnace-performance 
tests therefore serve only to explain, perhaps a little more fully, 
the reasons why raising excess air increases superheat and 
lowering excess air decreases superheat, within limits generally 
covered by these tests. 

The effect of furnace-wall cleanliness on furnace heat absorp- 
tion has also been recognized almost since the first water-cooled 
furnace was placed in operation and, during much of this time, 
has also been utilized as a means of controlling furnace and 
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superheater heat absorption, although to a somewhat more 
limited extent than excess air. Control of furnace-wall cleanli- 
ness can be accomplished in many ways, some of the more com- 
mon of which are manual lancing with steam, air, or water; use 
of manually operated or automatic wall blowers, employing steam 
or air as the cleaning medium; controlled load changes; careful 
adjustment of furnace atmosphere (excess air); and more re- 
cently, skillful manipulation of burner flames. 

Although previously recognized and used by a few operating 
engineers, the potentialities of burner-flame adjustment for con- 
trolling furnace heat absorption has only recently been made 
available and understood widely. The first positive step in 
this direction came with the application of vertically adjustable 
burners to corner-fired tangential-flame furnaces, as described in 
the Tidd feports.** Control of furnace absorption through 
variation in flame shape, rather than direction of firing, by 
adjustment of vane opening in horizontal turbulent burners 
was described in the Paddy's Run reports.? In the present re- 
ports on tests at Willow Island, it has been demonstrated that 
some degree of furnace-absorption control can be obtained with 
single-directional nonadjustable burners, by varying the number 
of burners in operation. Effective use of this method of control 
requires that more burners than are necessary to carry full load 
be installed. However, with the definite trend toward higher 
capacity boilers in the single boiler-single turbine combination, 
maintenance economics frequently dictate the installation of an 
extra pulverizer and burners over and above those required to 
carry full load. 

Use of load variation to control furnace heat absorption in- 
directly through furnace wall-deposit shedding has been em- 
ployed by various operating companies for many years. The 
possibilities of furnace-wall cleaning by this method increased 
materially with the advent of closely spaced bare-tube walls as 
compared with the once popular refractory-covered or water- 
cooled metal-block walls. Under many conditions, a drop to 
50 or 60 per cent of full load for a short period (often 1 hr or less) 
will cause wall deposits to peel off in sheets, especially if these 
deposits are composed of semifused slag as usually found in 
dry-ash-removal furnaces with closely spaced bare-tube walls. 

Looking into the future just a little, it seems apparent that, 
at least in central-station design, superheat and reheat tempera- 
tures will soon be in the 1150-1250 F range. If steam tempera- 
tures such as these are to be obtained, it will undoubtedly be 
found impractical to attempt to place all superheating and 
reheating surface in convection banks beyond the furnace. 
Thus, as more and more of the furnace heat-absorbing areas 
change from saturated steam-generating surface to superheating 
and reheating surface, the control of both quantity and distribu- 
tion of radiant heat absorption will assume greater importance. 
Flame geometry through location and adjustment of burners, 
furnace cleanliness through control of wall deposits, and excess 
air (or possibly flue-gas recirculation) will have to be under- 
stood thoroughly and controlled rigidly if anticipated perform- 
ance is to be realized. It is believed that a considerable potential 
of fundamental information along the lines required for such 
future design is available from the combination of data collected 
and presented here and in the Tidd and Paddy’s Run reports. 

In order to realize fully all of the potential benefits contained 
in the considerable volume of data so far obtained, it is strongly 
recommended that the Research Committee on Furnace Per- 
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formance Factors sponsor a fourth paper, in which correlation of 
data from all three series of tests together with additional rational 
or more readily usable empirical relationships among variables 
can be obtained. 


C. G. R. Humeureys.* In November, 1949, the writer in- 
stalled at Sewaren Station, eight CE-S type thermocouples, two 
per wall, to compare this method, which was applied also at Tidd 
Station and Paddy’s Run Station, with the method used at 
Willow Island. 

As can be seen only slight differences in temperatures were 
found (Table 1). 


TABLE 1 
CE PS 
Steam, rum, Steam, ‘ouple type, type, 
Date M Ib/hr psi deg F no. deg F deg F 
1/13/49 820 1685 995 17 729 720 
19 732 742 
20 868 
21 748 -— 
22 786 790 
1/19/49 780 1675 1042 17 700° 695 
18 785 7380 
19 705 700 
20 782 780 
21 720 — 
22 765 785° 
23 702 710 
760 7 


@ Loose connection at Speedomax 


Note that during the few data shown, the boiler was oil-fired 
and walls were clean. As can be seen the couples checked to 
within 5 F average, and CE type showed 5 F higher. 


Earte C. Miniter. These papers, which are the result of 
careful testing, once again point up the difficulties experienced in 
obtaining reproducible data in commercial furnaces. It is noted 
that certain corrections had to be applied to the data before the 
results could be established. Concerning these corrections the 
writer has a few questions: 


1 What is the basis for assuming temperatures needed any 
adjustment when average measured drop through part of screen 
appeared consistent? 

2 What is the magnitude of the error in heat absorption 
caused by a given error in gas temperature at the furnace outlet? 

3 How does measured drop through part of screen compare 
with predicted value? 

4 In calculating radiation to the screen tubes, from gas pass- 
ing through the screen, what effect does magnitude of the emis- 
sivity have on the corrections to the temperature? Also, could 
the emissivity have been estimated by an independent method? 

5 From visual observation did the gas and flames appear to 
go farther toward the bottom when only two sets of burners were 
used, as compared to all burner operation? What was effect of 
load on flame length? 

6 What was the magnitude of the adjustments made on the 
temperature ahead of the screen? 


Jomt CLosure By J. W. Myers, R. C. Corey, ano F. G. 


The authors are indebted to Mr. Bice for his supplementary 
and interpretive comments on furnace performance, with which 
they are in general agreement. 

With regard to the evaluation of S-A factors; it is possible to 
find a few instances in the Willow Island record where confirming 
evidence may be inferred. Thus, in Fig. 34, a maximum AT’ uf 


* Combustion Engineering-Superheater, Inc., New York, N. Y. 
Mem. ASME. 

* Design Engineer, Riley Stoker Corporation, Worcester, Mass. 
Mem. ASME. 
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90 deg is indicated for thermocouple 1-7 immediately preceding 
test No. 2 which might be considered to represent a clean-surface 
condition in this locality, following the shedding of ash from the 
wall. Compared to this, the AT’ value of 34 deg during test No. 
2, with ash deposit of '/, to 1 in. thickness (see Fig. 7), indicates 
an effectiveness factor of 37.8 per cent, which is in substantial 
agreement with the data previously developed from the tests at 
Tidd Station. 

It will be appreciated that in the Willow Island tests there were 
relatively few occurrences of ash dislodgement from the furnace 
walls during periods of test when the surveys of ash distribution 
were made and recorded in quantitative manner. Two addi- 
tional points, as disclosed by further study of the charts, have 
indicated values of 59.5 per cent for '/, in. thickness, and 41.5 
per cent for 1'/; in. thickness of ash, and lie close to the original 
curve of S-A factors reported for the tests at Tidd Station. 

The temperature comparisons presented by Mr. Humphreys 
show similar readings for the guard-ring and chord-hole types of 
thermocouples, for the condition of clean tube surface in an oil- 
fired unit. This comparison is consistent with the record shown 
in Fig. 35 of Part IIT where the tube surfaces were nominally free 
from ash deposit. It is of interest that this relationship holds in 
a temperature range considerably higher than that observed at 
Willow Island. 

With reference to Mr. Miller’s comments, we are submitting 
Table 2 of this closure which includes supplementary comparisons 
of gas-temperature data at the furnace outlet screen as derived 
from Tables 2 and 3 of Part I. 

From furnace observation it was apparent that the direction of 
gas flow approaching the screen was not uniformly normal to the 
plane of the tubes. The gas flow was, in general, upset toward 
the rear of the furnace, and penetrated farther into the hopper 
section as the load was increased, and also with the use of two 
sets of burners as compared to the use of three sets of burners. 

It was therefore considered illogical to use direct comparison 
of the geometrically similar traverse points for determining gas- 
temperature drop through the screen, which values are shown in 
Table 2 to be extremely scattered. 

Considerable study was given to plotted temperature profiles 
of this section, in an effort to estimate fair values for the areas 
ahead of the screen that were not accessible for direct traverse’ 
measurement. 


TABLE 2. COMPARISON OF TEMPERATURE DROP THROUGH 
CREEN OBTAINED FROM DIRECT TRAVERSE READINGS WITH 
THAT OBTAINED FROM ADJUSTED TEMPERATURE 
YALUES 

Temperature drop 
-———across sereen, deg F———. 
Excess From From From 
Steam- air at observa- extra- adjusted 
flow furnace tions polated tempera- 
Test rate, outlet, during profile ture 
No. Mlb/hr per cent traverse® plots? values* 
1 508 13.0 ns = 92 
2 24.0 200 172 82 
3 376 23.4 178 68 1 
4 377 23.4 278 53 103 
5 373 23.9 112 
6 508 13.9 316 149 102 
7 510 15.2 125 46 97 
8 507 13.8 138 90 
9 257 37.5 268 71 68 
10 251 24.1 112 as 80 
ll 364 36.0 168 69 
12 259 37.9 79 59 74 
13 508 24.1 264 132 92 


* Obtained by difference between the average of the values in Table 3 
and the average of values at corresponding points in Table 2. 
® Obtained by difference between the average of values in Table 2 and 
the average of profile plots from data of Table 3 extrapolated to include 
traverse points 1 and 2. 
_ © Obtained from adjusted temperatures used for the furnace heat-absorp- 
tion calculations. See text of Part I for method of computation. 


These studies for which the average values are also shown in 
Table 2 were inconclusive, however, and necessitated an approach 
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by heat-balance calculations as deseribed in the text. The values 
of temperature drop through the screen resulting from this calu- 
lation are r bly consistent and are in fair agreement with 
the predicted value of 80 deg at full-load operation. 

The magnitude of the error in heat absorption for a given error 
in the gas temperature may be calculated readily. The quantity 
of heat in the gases leaving the furnace (above the base tempera- 
ture of 80 F) is given by 


1000 — 80) 


where Q = Heat in gases leaving furnace, kB/hr 
W = Quantity of gas leaving furnace, lb/hr 
c, = Mean heat capacity of gas (above 80 deg), BTU/- 
(Ib (deg F) 
T, = Temperature of gas at furnace outlet, deg F 


Partial differentiation of the above equation gives 


Taking test number | as a typical example, substituting appropri- 
ate values for W and c, gives 0Q = 174.807). Therefore, an 
error of 100 deg in 7; will result in an error of 17,480 kB/hr. 5 
Based upon the calculated value of net heat available for this 
test, 641,800 kB/hr, the error would be 2.7 per cent. Since the 
furnace heat-absorption efficiency is also based upon the net 
heat available, the absolute error in that quantity would like- 
wise be 2.7 per cent. Thus, an increase of 100 deg in the tem- 
perature of the exit gas would lower the furnace heat-absorp- 
tion efficiency from the calculated 45.8 per cent (Table 1, Part 1) 
to 43.1 per cent. 


Concerning the effect of the magnitude of the emissivity on the 
calculated temperature of the gas ahead of the screen, it can be 
shown that the allowable variation in the former must be confined 
to very narrow limits to obtain results consistent with the criterion 
cited in Part | when making the temperature adjustments. 

It will be recalled that the adjustment was made with the aid 
of Equation [1] 

We,(T; — T:) = UA(T,, 


T,+T 


-T,) + ceAF(T,,* — T,*) 


may be replaced by 27,, — By 


Since T,, = 


partial differentiation and substituting appropriate values in the 
resulting equation we may determine the variation in T,, for a 
given change in €. When typical data from test number 7 are 
used 


OT = 292 de 


oT, = 584 de 


Thus, for a change in € of 0.1 (for example, from 0.095 deter- 
mined empirically to 0.195) a corresponding change of 58 deg in 
T, would occur. Since this change is greater than the largest 
adjustment made to the temperature, 7), it is apparent that the 
emissivity could not have been estimated from any observations 
with sufficient accuracy to be used in calculating the temperature 
drop through the screen. 

In spite of the complexities involved in the evaluation of this 
increment of heat absorbing surface, it is believed that the test 
measurements as related to the plane above the screen tubes are 
valid and well within attainable limits of accuracy for this type of 
furnace-performance test. 
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Stress Distribution in the Continuous Chip— 
A Solution of the Paradox of Chip Curl 


By E. K. HENRIKSEN,' ITHACA, N. Y. 


This paper is intended to throw light upon the hitherto 
unsolved problem of chip curl. The chip passes along the 
tool face for a certain distance before it leaves the tool and 
then curls through space. The author assumes that a 
sudden drop in pressure occurs at the point of ultimate 

tact, which bi with a single force at this point. 
The physical origin of this system of forces is explained by 
surface roughness of the tool, which leads to an explana- 
tion of the sharp boundary line for the area of wear on the 
tool face. Distribution of pressure between chip and 
tool follows an exponential law. Methods of stress an- 
alysis are explained which should be useful in further 


investigations. 


INTRODUCTORY OBSERVATIONS 


y I NHE curling of the chip is an everyday phenomenon, and 
various attempts have been made to explain it. The most 
logical explanation, hitherto published, is the one given by 

Ernst and Merchant,’ xecording to which the rate of deformation 

(“the cutting ratio’’) and hence the instantaneous velocity of 

the chip, vary across the root of the chip (‘‘the plane of shear’), 

Fig. i, in such a manner that the face of the chip which is in 

contact with the tool will be longer than the outer side of the 


chip. This will give the chip a tendency to curl away from the 


tool. In close connection herewith is the fact that the plane of 
shear normally is slightly curved and will be concave downward 
when cutting under steady conditions. 

One might, so far, expect the chip to curl away from the tool 
face, immediately above the cutting edge, following a circular or 
helical path. 

A closer observation, however, will show that the curling does 
not occur immediately after the chip has passed through the 
plane of shear. On the contrary, the chip passes along the face 
of the tool for a certain distance even when the tool is ground with 
a piane surface, and then it suddenly will leave the tool face, 
curling through space. In the following, the point where the 
chip leaves the tool face will be called ‘‘the point of ultimate con- 
tact.” 

In other words, the chip is ‘‘born curled,’’ but it moves in a 
straight line for a certain distance, clinging to the tool face; then, 
first, it starts curling. 

This fact is proved by several observations. Many micro- 
grapbs of chips in connection with the workpiece and the tool, 
and many high-speed photographs will show it. The same con- 
clusion is supported by the fact that the tool wear is distributed 


1 Professor, Head of Materials Processing Department, College of 
Engineering, Cornell University. Mem. ASME. 

?“Chip Formation, Friction and Finish,” by H. Ernst and M. E. 
Merchant, Surface Treatment of Metals, ASM, Cleveland, Ohio, 
1941, pp. 335-336. 

Contributed by the Production Engineering Division and presented 
at the Semi-Annual Meeting, St. Louis, Mo., June 19-23, 1950, of 
Tue American Society oF MecHanicau ENGINEERS. 
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27, 1950. Paper No. 50—SA-9. 


over an area of the tool face of a definite width, with a sharp and 
well-defined boundary line, Fig. 2. 


Fie. 2. Wearon Toot Face, 
Ssowine Borper Line 
or Worn AREA 


Fic. 1 Continvovs Cur 

Formation, SuHowine Varta- 

oF VeLOcITY or CHP 

Across PLaNne or Sugar (V; 
> V2) 


Tue Curr as a CanriLever Beam 


In order to explain this observation we must assume that the 

| chip is subjected to a load having a resultant bending moment of 

such a direction that it will tend to bend the chip back to the tool 
face. 

In this paper orthogonal cutting is assumed, and only a plane 
tool face will be considered. It is, however, possible to give 
analogous solutions to the same problem, involving a tool, 
ground or worn to a circular groove, a ‘“‘crater,”’ or with a built-up 
edge, and an investigation shows, in principle, results similar to 
those obtained for a plane tool face. 

The chip, as emerging from the plane of shear, with its inborn 
tendency to curl, may already contain a set of stresses ‘‘A.” 
Another set of stresses ‘‘B”’ will be superimposed on the chip by 
the load from the contact with the tool face. After having passed 
the point of ultimate contact, and curling through space, no 
longer subjected to any load at all (ignoring its weight) it may 
still contain a set of stresses “C.”’ 

Between the plane of shear and the point of ultimate contact 
the total stress in the chip is determined by A + B, provided all 
stresses stay within the elastic range. If so, the stress C, in the 
curling chip beyond the point of ultimate contact, is equal to the 
“inborn” stress A. If the stresses A + B exceed the elastic 
range some modification will take place. If A is zero, and B does 
not exceed the elastic range, then ( must be zero; in other words, 
the curling chip must be stress-free. Whether such a condition 
exists or not is yet unknown. 

The present investigation is limited to the stresses B. No 
assumption is made as to whether A is zero or not, but it is as- 
sumed that A + B stays within the elastic range. 

Two sets of forces are at work between the chip and the tool 
face, a normal pressure and a frictional force. The normal 
pressure p between tool face and chip cannot possibly bend the 
chip backward, if anything it would tend to bend the chip away 
from the tool face; the conclusion would, therefore, be that the 
frictional forces up must be strong enough to bend the chip 
backward to the tool face and hold it there, in equilibrium with 
the normal pressure p (see Fig. 3, where this system of forces is 
shown in full lines). 

When the chip is considered as a cantilever beam, we get the 
load picture shown in full lines in Fig. 4, and we can write an 
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equation for the bending moment M, in a point at a distance z 
from the point of ultimate contact. 


| Lad 


me 


Fie. 4 Same Force Syserem as 
in Fig. 3, ActiInG on A CanTr- 
LEevER Beam 


Fic. 3 Force System Be- 
Tween anv Toot Face 


We will assume that R is the radius of curvature in the chip 
when it curls away beyond the point of ultimate contact, and the 
equation must express the fact that the bending moment M, 
must have such a value for any z that it bends the chip straight; 
in other words, imposes a curvature of radius R on the curled 
chip in the opposite direction of the natural curl. This leads to 
the equations 


dy M 
dz? EI 

EI OR 


where R is the radius of curvature in the chip after it has started 
curling away from the tool face, in other words, the equation 
says: M = const. Assuming the coefficient of friction yp 
constant and p being an unknown function of z, we can transform 
the equation into a differential equation for p, which, by the way, 
is of first order only and easy to solve, giving p as an exponential 
function of z. eng 

This solution is, however, so far only a sdlution of the differen- 
tial equation in p, and it is necessary to make a test by inserting 
it into the original equation M = const, and when doing so we 
will find that the solution to the differential equation in p can by 
no means satisfy the original equation in M. 

The conclusion is that a load system as that shown in full lines 
in Fig. 3 or Fig. 4, cannot hold the chip in equilibrium against 
a straight-line tool face. 

This might be interpreted as a result of oversimplified mathe- 
matical assumptions. This is, however, not the case. A more 
complete investigation that takes into account the contribution of 
the shearing stresses to the deflection gives the same result, and 
so does an investigation of the chip flow over a tool face curved to 
a circle. 

A well-fitting solution is, however, rather easily obtained if we 
assume that the load on the chip (and hence on the cantilever 
beam) is composed of two systems: 

(a) A continuously distributed load p(x) and a friction wp(x), 
as before. 

(b) A single, concentrated, normal force P» and a friction uP» 
located at the point of ultimate contact, as shown in dotted lines 
in Figs. 3 and 4. 

Solution of the equations gives 

22 
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where po is the unit pressure at the point of ultimate contact, and 
t the thickness of the chip. 


Forces Between Carp Face 


The necessity for assuming a concentrated force P, at the point 
of ultimate contact may seem rather startling at first; as ex- 
plained previously, it is not just some mathematical trick, intro- 
duced in order to find a nice and simple solution, but it must have 
a physical reason. 

The validity of this statement can be supported in several dif- 
ferent ways. 

A consequence is that p(z) does not decrease gradually to zero 
with z; it decreases only to a certain definite value po which oc- 
curs at the point of ultimate contact. This is in accordance with 
the observation on a worn tool face; it seems difficult to under- 
stand the sharp boundary line of the worn section if there was a 
gradual decrease of pressure right down to zero. 

Another way of looking at the problem is the following: 

Let us follow the chip backward, from the free-curling state 
through the point of ultimate contact and further on, along the 
tool face. When passing the point of ultimate contact the 
curvature changes suddenly from R (natural curl) to infinity 
(straight line). At the point of ultimate contact, a load must be 
applied quite suddenly and with a bending moment of a definite 
value, equivalent to the sudden change in curvature, and such a 
load cannot start gradually from a zero value. However, a con- 
tinuously distributed load, no matter how large it is, cannot sud- 
denly generate such a bending moment of a definite value; this 
must require a concentrated single force. 

This side of the problem may be rather difficult to grasp at first 
sight. Perhaps the matter can be clarified by reference to a some- 
what related problem, that of a belt over a pulley. If the weight 
of the belt is ignored (which is usually the case), it is not possible 
to generate any tractive force by friction between belt and pulley 
unless there is a tension in the so-called “slack” side of the belt. 
With a zero stress in the belt, no traction can be built up. 

These attempts to clarify the problem may be said to be rather 
on the mathematical side. Let us, therefore, try to find an ex- 
planation of a physical nature. 

No tool face, no matter how well ground, and lapped, and pol- 
ished, is straight. It has a certain roughness, and the chip has to | 
pass a large number of small irregularities in the surface. When 
passing over each of them the chip is subjected to a variation in | 
pressure, not sufficient to “throw the chip off,” but, as the dis- 
tance from the root of the cbip increases, the tendency to “throw- 
off” is increased. Finally, one of these irregularities will be large 


enough to force the chip so far out that it is not “caught in” again 
by the friction on the next irregularity, and this constitutes the 
point of ultimate contact (see Fig. 5). 


A conclusion to be drawn from this explanation is that the lo- 
cation of the point of ultimate contact is, to some extent, a matter 
of chance, and also a matter of wear on the tool face. This is in 
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HENRIKSEN—STRESS DISTRIBUTION IN THE CONTINUOUS CHIP 


Fic. 6 ANALysis or AND PressukEs 


dine) 


and stresses. B, Distribution of pressure over 


tool face. CDE, Curves for longitudinal, transverse, and shearing stresses at four different sections of chip.) 


Fie. 7 Trasectories ror Principat Stresses Carr 


(Dotted lines: Maximum principal stress Full lines: Minimum principal 
stress o:.) 


accordance with the observation that the chip, sometimes, may 
change its curvature and path quite suddenly, the reason being 
that the point of ultimate contact is changing from one high spot 
to another, due to local wear, perhaps only of a microscopic order. 


ANALYSIS OF STRESSES AND DEFORMATIONS 


Once the function p = p(z) has been established, the further 
analysis is fairly conventional and simple. It is possible to de 
termine the longitudinal and transverse normal stresses ¢, and 
o:,) and the shearing stresses t,,,. Diagrams are shown in Fig. 6, 
giving values for these stresses, and the forces and pressures be- 
tween chip and tool face. Of more interest are the values of the 
principal (normal) stresses, maximum ¢; and minimum @», and 


Fie. 8 Trasectories ror Maximum SHEARING STRESS Tmax 


the maximum shearing stresses Tmax, Which occurs at a 45-deg angle 
to a, and The stress trajectories for the principal stresses and 
the maximum shearing stress are shown in Figs. 7 and 8. 

It should be emphasized, in order to avoid misunderstanding, 
that the values for pressures and stresses shown in these figures 
are derived from some simple basic values, such as wu = 1, t = 2, 
and po = 1, just in order to illustrate the nature of the variation 
of these components and their mutual relations, rather than to 
give true numerical values. 

Besides these stress trajectories, it will be of interest to deter- 
mine the trajectories for the direction of maximum elongation of 
the material in the chip. Maximum elongation occurs in the di- 
rection of maximum principal stress when the material passes 
through the plastic range. Now, this investigation does not, in 
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effect, deal with the plastic range. It is, however, generally as- 
sumed that the plastic range is very narrow, essentially identical 
with the plane of shear, and, when that is the case, the direction 
of the stresses in the plane of shear will not differ very much from 
the direction of the stresses in the elastic range adjacent to the 
plane of shear. In order to get the location of the trajectories 
for maximum elongation, we, therefore, assume the trajectory for 
maximum shearing stress at the root of the chip to be identical 
with the plane of shear. 

As a metal particle passes through this plane of shear, it 
will undergo plastic deformation, and maximum elongation will 
be in the direction of the tangent to the corresponding maximum 
(normal) stress trajectory where it intersects the plane of shear. 
By this method the directions of maximum elongations can be de- 
termined for every point across the chip, and, subsequently, these 
directions are transferred lengthwise through the chip where they 
determine the directions of the tangents to the desired trajector- 
ies, as shown in Fig. 9. 


Fic. 9 Curves ror Direction or Maximum ELONGATION OF Ma- 


TERIAL IN 


A study of these curves reveals several points of interest, as 
follows: 


(a) The lines of maximum shear have a direction almost, but 
not entirely, parallel to the surface of contact between chip and 
tool face. These lines indicate where material is being sheared 
off the chip, thus forming the thin layers or laminations that 
constitute the essential body of the built-up edge. 

(b) One of the trajectories for maximum shear must constitute 
the plane of shear, and at the root of the chip these trajector- 
ies have the same concave form as found from experience for the 
plane of shear. 

(c) The lines of maximum elongation coincide very closely 
with one of the patterns for chip structure found by Oldacre and 
Erickson.* Under certain cutting conditions the chip elements 
would be continuously curved, such as is shown in Fig. 10. 
The resemblance to the curves in Fig. 9 is striking. 


ASSUMPTIONS AND LIMITATIONS 


No conclusion is valid beyond its assumptions. This fact im- 
poses several limitations. 
Only orthogonal cutting and a plane tool face is considered here. 


It is assumed that the chip has a solid cross section throughout: 


‘Mechanisms of Metal Cutting. Frozen Motion or Chip Con- 
tours as a Clue to Process of Chip Formation,” by W. H. Oldacre and 
H. A. Erickson, Mechanical Engineering, vol. 69, 1947, pp. 655-657. 
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Courtesy Oldacre and Erickson 


Curves ror Direction or Maximum Evongation, Drawn 
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hence a discontinuous chip is not, or only partly, covered by the 
findings of this paper. 

Another limitation of this investigation results from the fact 
that it deals only with the elastic range of deformations and 
stresses, one of the principal reasons for this being the desirability 
of preserving a relative simplicity in the mathematical apparatus 
involved. 

This limitation is, however, not too serious, because the pat- 
tern of trajectories of elastic stresses, although certainly modified 
when passing from the elastic range into the plastic range, will 
still serve as an indication of the character (if not the magnitude ) 
of the stress distribution in the plastic range itself. 

The plastic range was assumed to be limited to a narrow zone 
at the root of the chip (the plane of shear). This is a fairly gen- 
erally accepted assumption; still, we do not know for certain 
whether it is entirely correct or whether some plastic deformations 
are taking place through an interval above the plane of shear. If 
so, then the validity of this investigation in its present state will be 
limited to the interval between the end of the plastic deformation 
range and the point of ultimate contact. 

A third limitation, also due to a mathematical simplification, is 
involved in the method of calculating the variation of shearing 
stress across the chip. This problem is closely related to the 
question of the ‘warping’ of the cross section. The usual as- 
sumption (that has been used in this investigation) is that the 
section is free to warp as it pleases, an assumption that may be 
fairly true for the major part of the chip involved, and which, 
therefore, leads to a fairly true pressure distribution between chip 
and tool, but which is not entirely correct in the close vicinity of 
the plane of shear, where the distribution of shearing stress may 
have to be modified. 

Finally, the coefficient of friction is assumed constant, and any 
effect of temperature variation and of work hardening is ignored; 
so is any effect of time lag. 


CONCLUSIONS 


The fact that a chip passes along the tool face for a certain 
distance before it leaves the tool and curls through space has 
been investigated and leads to the assumption of a sudden drop 
in pressure at the point of ultimate contact, combined with a 
concentrated single force at this point. 

The physical origin of this system of forces is explained by sur- 
face roughness of the tool, and it leads to an explanation of the 
very sharp boundary line for the area of wear on the tool face. 
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HENRIKSEN—STRESS DISTRIBUTION IN THE CONTINUOUS CILIP 


The distribution of pressure between chip and tool follows an 
exponential law. 

A stress analysis for the chip gives an explanation of the follow- 
ing three phenomena: 


The downward concave curvature of the plane of shear. 
The “chipping off” of thin layers forming the built-up edge. 
The structure of deformation in the chip. 


It is the belief of the author that the paper has thrown some 
light upon a hitherto unsolved problem, but he is also aware that 
many more problems in this field still remain unsolved. He 
hopes, however, that methods of analysis, such as described in 
this paper, or related hereto, may be found useful in further in- 
vestigations. 


Discussion 


H. A. Ertckson.* We believe with the author, that the chip 
“js born curled.”” However, it appears to us that he contradicts 
his own assumption inasmuch as he hypothecates the curl as a 
secondary operation occurring not at “birth” but shortly there- 
after, through interference from an obstructive “high spot’’ on 
the tool surface. 

The effect of such a high spot is indicated cleariy in the use 
of chip breakers. These result not in further curling, but in 
breaking the chip, as the chip rigidly resists further deformation 
after it is born curled in passing through the narrow zone of 
formation. 

We wish, however, to compliment the author on his studied and 
careful approach to this complex problem. In view of the im- 
portance of the metal-cutting process, many more scientific re- 
searchers should be investigating the intriguing problems of chip 
formation and structure. 


M. E. Mercuant.® It is evident that the author has spent 
considerable time in the development of the theory presented in 
this paper and has carried through a considerable amount of 
mathematical analysis. His efforts are to be commended, and 
we congratulate him on his interest in tackling this particular 
problem in the mechanics of chip formation. It is certainly true 
that, as the author puts it, ‘the chip is born curled” at the shear 
plane and yet remains in contact with the flat tool face for some 
little distance above the cutting edge before peeling away from it. 
The main questions which concern the author are how and why 
the naturally curled chip remains in contact with the flat tool face 
for a time before peeling away. 

We feel that in searching for an answer to these questions, the 
author somehow “got off on the wrong foot” at'the start. He 
considers the problem as involving the gross stressing of a beam 
(comparing the chip to a beam) and tries to determine the type of 
force system that would bend the curved beam into contact with 
the flat tool face for some distance above the cutting edge. This 
results in the necessity for an artificial assumption regarding the 
stress distribution at the chip-tool interface, making it necessary 
to suppose that there is a residual] force P» at the point where the 
chip peels away from the tool face, rather than a stress distribu- 
tion of the type which approaches a value of zero stress at this 
point. Such an assumption is in direct contradiction to the 
actual behavior of elastic bodies which are in contact. 

It is this very matter of the behavior of elastic bodies in con- 
tact which is the crux of the present problem. Instead of the 
problem being one concerning the “gross” stresses in a beam, it 

‘ D. A. Stuart Oil Company, Ltd., Chicago, Iil. 

* Research Physicist, Research Department, The Cincinnati Mill- 
ing Machine Co., Cincinnati, Ohio, Mem. ASME. 
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is essentially one involving the “surface” stresses in two elastic 
bodies which are in contact. In essence, the chip, as it leaves 
the shear plane, is a cylindrical body, and the tool face which 
contacts the chip is a normally plane surface. Thus the problem 
is essentially one of elastic contact between a plane and a cylinder. 
The surface of the cylinder (back surface of the chip) and the 
plane tool face deform together elastically to develop a definite 
area of contact above the cutting edge, which supports the re- 
sultant force which the tool exerts on the chip. Thus, instead of 
treating the flattening of the chip against the tool as the deforma- 
tion of a curved cantilever beam, a very much better approxima- 
tion would be to treat this flattening as one involving surface- 
stressing due to elastic contact, similar to that described by 
Hertz’s equations for elastic contact. In fact, the Hertz equa- 
tions for elastic contact between a cylinder and a plane can be 
directly applied, as a fair approximation, to the analysis of the 
problem of elastic contact between chip and tool. 

When the foregoing approach is used, the conclusions drawn are 
in harmony with observed facts about the process of machining. 
For one thing, the artificial supposition of a residual force at the 
point where the chip peels away from the tool face is eliminated. 
The contact pressure at the chip-tool interface decreases to zero 
at that point of separation, in a normal manner. In addition, 
the equations of elastic contact show that the point of maximum 
pressure between chip and tool will lie, not at the cutting edge, as 
predicted by the author’s theory, but at a point some distance 
above the cutting edge; the location of that point is determined 
by a line through the center of curvature of the chip and perpen- 

icular to the tool face. That this point of maximum pressure is 
actually somewhat above the cutting edge in practice is borne 
out by the way in which the tool face wears or craters. This 
cratering of the tool face always begins at a location somewhat 
above the cutting edge and then spreads out from that point 
toward the cutting edge and toward the point where the chip 
peels away from the tool face. Such a behavior occurs even in 
cases where no built-up edge is present, as in machining with 
sintered-carbide tools at very high cutting speeds. On the other 
hand, according to the author's theory, which predicts that the 
contact pressure would be a maximum at the cutting edge, wear 
and cratering should start there, contrary to actual fact. 

AvuTHoR’s CLOSURE 

The straight form of the chip before it reaches the point of 
ultimate contact is an effect of the force system described. Take 
this force system away and the chip will curl, following its inborn 
tendency. This is what the high spot does. It lifts the chip off 
the tool face so that no further forces will act upon it and prevent 
it from taking its natural curl. 

In the comparison with the chip breaker: The chip breaker is a 
large obstruction above the road, that dents your fenders, while 
the high spot is only a surface bump that just makes your wheels 
bounce from the ground. 

The force Py can hardly be said to be “‘residual,’’ because it 
may change its value, due to transient variations in the tool sur- 
face. Actually it is a mathematical simplification for a localized 
peak on the curve for p(x) which may take a form as shown in 
Fig. 11. Similar peaks in pressure-distribution curves are known 
from other cases of bodies in contact. 

It is a general rule that when direct normal loads and bending 
loads occur on the same structure, then the bending loads will 
produce more deformation, and normally, higher stresses; in 
other words, they will predominate over the normal loads, which 
are frequently ignored completely. Hence the gross bending 
can definitely not be ignored. 

Dr. Merchant’s contribution is valuable because it points to 
two factors, both of which have been considered to some extent, 
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and which will be considered in future developments of the study 
of chip stress. 

The most important point brought out by Dr. Merchant is the 
question of the location of the pressure maximum. This is the 
only point where the theory presented in this paper did not, so far, 
receive confirmation from common observations, but the answer 
hereto is already implied in the author’s repeated statements 
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that the validity of the theory is limited to the elastic range, in 
other words, to the interval between the point of ultimate con- 
tact and the point where plastic deformation begins. 

The theory presented in this paper has, however, already 
been extended into the plastic range. One of the results found 
is that the steep rise of the pressure curve, according to the ex- 
ponential function, does not continue beyond the elastic range; 
after the plastic range has been entered the contact pressure curve 
will reach a maximum and then again decrease, approaching the 
cutting edge, as shown in Fig. 11. It is of interest to note that 
the shape of the pressure curve is not symmetrical, as it would 
have been according to an application of Hertz’s equations. 

The second point raised by Dr. Merchant is the effect of 
localized surface pressure, and this to some extent has already 
entered the picture in the curves for o,) (see Fig. 6, CDE). A 
complete analysis should further consider a superposition of this 
effect on the effect of gross bending. The full effect of localized 
pressure would, however, have to be calculated by other methods 
than by Hertz’s equations, for the following reasons: 

(1) Hertz’s equations assume a body system with symmetrical 
support; the chip is unsymmetrical, supported on the one side, 
and entirely free on the other side. 

(2) Hertz’s equations assume a symmetrical load system, and 
in particular, no tangential force. The chip load is composed of 
normal and tangential forces of equal order of magnitude. 

(3) Hertz’s equations assume a thickness of metal in the direc- 
tion of pressure, that is, infinity as compared with the width of 
the area of contact; the thickness of the chip and the width 
of the area of contact are of the same order of magnitude. 
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